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NOTE BY THE AMERICAN EDITOR. 



f 



Mt object in undertaking the levision of the Treatise 
on Optics by Dr. Brewster was, principally, to introduce 
an Appendix, containing such a discussion of the subjects 
of Reflexion and Refraction, as might adapt the work to 
usQ in those of our colleges in which considerable exten. 
sion is given to the course of Natural Philosophy* In 
this revision, I have thought it best, without specially 
calling the attention of the reader to them, to correct 
such errors as my comparatively limited knowledge of 
the subject assured me, would not have been passed 
over by the author in a second Edition. 

A. D. BACHE. 
PhUdddphMOf Jan.^ 1833. 
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A TREATISE ON OPTICS. 



INTRODUCTION. 

(1). Optics, from a Greek word which signifies to Me, it 
that hranch of knowledge which treats of the properties of 
liffkt and of vision^ as performed hy.the hunan eye, 

(2). U^ht is an emanation, or something which proceeds 
from bodies, and by means of which we are enahled to see 
them by the eye. All visible bodies may be divided into two 
ciaaaea-^self-lumirums and nfm4umirum8. 

8elf4uminou8 bodies, such as the stars, flames of all kinds^ 
and bodies which shine by being heated or rubbed, are those 
which possess in themselves the property of discharging light 
Non4uminous bodies are those which have not the power of 
discharging light of themselves, but which throw back the 
light which falls upon them from self-luminous bodies. One 
non-luminous body may receive light from another non-lumi- 
nous body, and discharge it upon a third ; but in every case 
the light must originelly came from a self-luminous body. 
When a lighted candle is brought into a dark room, the form 
of the flame is seen by the light which proceeds from the 
flame itself; but the objects in me room are seen by the light 
which they receive from the candle, and again throw back ; 
while other objects, on which the light of the candle does not 
fall, receive light from the white ceiling and walls^and thus 
become visible to the eye. /^ . 

(3). All bodies, whether self-luminous or non-luminous, dia^ 
chsu-ge light of the same color with themselvea A red flame 
or a red-hot body discharges red li^ht; and a piece of red 
cloth discharges red Ught, though it is illuminated by the 
toAtte light of the sun. 

(^. Light is emitted from every visible point of a luminous 
or of an illuminated body, and in every direction in which the 
Doint is visible. If we look at the flame of a candle, or at a 
theet of white paper, and magnify them ever so much, we 
«oaU not observe any poii^ts destitute of light 



./ 



n / ' <- 



12 iirrRODUCTioN 

(5.) Light moves in straight lines, and consists of separate 
and independent parts, called rays of light If we admit the 
lififht of the sun into a dark room through a small iKile, it will 
illuminate a spot oh the wall exactly opposite to the sun, — the 
middle of the spot, the middle of the hole, and the middle of 
the sun, being all in the same straight Ime. If there is dust 
or smoke in the room, the progress of the light in straight 
lines will be distinctly seen. If we stop a very small portion 
of the admitted light, and allow the rest to pass, or if we stop 
nearly the whole Tight, and allow only the smallest portion to 
jMuss, the part which passes is not in the slightest degree af- 
fected by its separation from the rest The smallest portion 
of light which we can either stop or allow to pass is called a 
r*y of lifht. 

(6). Light moves with a velocity of 102,500 miles in a 
second of time. It travels from the sun to the earth in seven 
minutes and a halC It moves through a space equal to the 
eircumierence of our globe in the 8th pcut of a second, a 
flight which the swiftest bird could not perform in less than 
three weeks. 

(7). When light falls upon any body whatever, part of it is 
reflected or driven back, and part of it enters the body, and is 
either lost within it or transmitted through it When the 
body is bright and well polished like sUver^ a great part of the 
light is reflected, and the remainder lost within the silver, 
mich can transmit light only when hammered out into the 
thinnest fllm. When the body is transparent, like glass oc 
water, almost all the lig^ht is transmitted, and only a small 
part of it reflected.. The light which is driven back ^om 
bodies is reflected according to particular laws, the considera- 
tion of which forms that branch of optics called catoptrics; 
and the light which is transmitted through transparent bodies 
is transmitted according to particular laws, the consideration 
of which constitutes the subject of dioptrics. 
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PART I. 

ON TH^ REFLEXION AND REFRACTION OF U6HT. 
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ATOPTRICS. 

(@.) Catoftrigs is that branch of optics which treats of 
the process of rays of light after they are reflected ftom sur- 
nices either plane or curved, and of the formation of iouiges 
from objects placed before such surfaces. 

CHAP. L 

REFLEXION BY SPECULA ANJ> MIRRORS. 

(0.) Any substance of a regular form employed for the pup- 
pose of reflecting light, or of forming images of objects, is 
called a speculum or mirror. It is een&n&v made of metal 
or glass, having a highly polished surmce. The name of mir- 
ror is commonly given to reflectors that are made of glass ; 
and the glass is always quicksilvered on the back, to make it 
reflect more light. The virord speculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either plajie, coiuxive, or 
convex. 

A plane speculum is one which is perfectly flat, like a look- 
mg[-glass ; a concave speculum is one which is hollow like the 
iaside of a watch-glass ; and a convex speculum is one whicn 
is round like the outside of a watch-glass. 

As the light which falls upon glass mirrors is intercepted 
i)y the glass before it is reflected from the quick-silvered sur- 
fece, we shall suppose all our mirrors to be formed of polished 
metal, as they are in almost all optical instruments. 

(11.) When a ray of light, A I),Jig. 1., fells updn a plane 
speculum, M N, at the point D, it wif 
be reflected or driven back in a direction 
D B, which is as much inclined to £ £> 
a line perpendicular to M N, as the ray 
A D was ; that is, the angle B D E is 
equal to A D E, or the circular arc B E 
is equal to E A. 
B 
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The ray A D is called the incident ray, and D B the re- 
flected ray, A D E the angle of incidence, and B D E the 
angle of reflexion ; and a plane passing through A D and 
P B, or the plane in which these two lines lie, is called the 
plane of incidence, or the plane of reflexion, 

(12.), When the speculum is concave, as M N,^^. 2., then 

if C be the centre of the circle of 

which M N is a part, the incident ray 

A D and tlie reflected Biy D B will 

form equal angles with the line C D, 

which is perpendicular to the small 

portion of the speculum on which the 

ray falls at D. Hence in this case also 

the angle of incidence A D E is equal 

to the angle of reflexion B D £. 

(13.) When the speculum is convex, as M N,flg, 3., let C 

FLr 3, ^ ^^® centre of the circle of which M N 

forms a part, and 6 £ a line drawn 

^^.Jy-*.^^ through D ; then the angle of incidence 

-B/^ ^^ A D E will be equal to the angle of re- 

/N. y^ flexion BDE. 

/ ^\ /^ \ These results are.found io be true by 
l^^lJBB*! !**S^jjh^ experiment; and they may be easily 
'}ffr^ ^^hs" proved by admitting a ray of the sun^ 

light through a hole in the window-shut- 
ter, and making it fall on the mirrors 
M N in the direction A D, when it will 
be seen reflected in the direction D R 
If the incident ray A D is made to approach the perpendicular 
D E, the reflected ray J) B will also approach the perpendicu- 
lar D E ; and when the ray A D falls in the direction E D, it 
will be reflected in the direction D E. In like manner 
when the ray A D approaches to D N, the ray D B will ap- 
proach to D if . 

(14.) As these results are true under all circumstances, we 
may consider it as a general law, that when light falls upon 
any surface, whether plane or curved, the angle of its refleoe^ 
ion is equal to the ar^le of its incidence. 

Hence we have a method of universal application for find- 
'jQg the direction of a reflected ray when we know the direc- 
tion of the incident ray. If A D, for example, ^^». 1, 2, 3., 
is the direction in which the incident ray falls upon the mirror 
at D, draw the perpendicular D E in^^. 1., and in flg. 2 or 
flg, 3. draw a line from D to C, the centre of the curved sup- 
fece M N ; and, having" described a circle M B E A N round 
f> as a centre, take the distance A E in the compasses and 
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carry it from E to B, and haviiij? drawn a line fiom D to B, D II 
will be the direction of the reflected ray. 

Reflexion of Ray$from Plane Mirrors. 

(15.) Reflexion ^parallel rays. When parallel or equidis- 
tent rays, A D, A' u'^flg. 4., are incident upon a plane mir- 



ng.A. 




ror, M N, they will continue to be parallel after reflexion. By 
the method already explained, describe arches of circles round 
D, D' as centres, and make the arch from £ towards B equal 
to that between A D and D E, and also the arch from £' to- 
wards B' equal to that between A' D' and D' E' ; then drawing 
the lines D B, D' B', it will be found that these lines are par- 
allel. If the space between A D and A' D' is ^ed with other 
rays parallel to A D, so as to constitute a parallel beam or 
mass of light, A A' D' t), the reflected rays will be all parallel 
to B D, and will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted; for the side A D, 
which was uppermost before reflexion, will be undermost, as 
at D B, after reflexion. 

(16.) Reflexion of diverging rays. Diverging rays are 
tboee which proceed from a point. A, and separate as they ad- 
vance, like A D, A D', A D", \^hen such rays fall upon a 

Fig.5, 
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plane mirror M N^Jig. 5., they will be reflected in directions' 
1) B, D' B', D" ff ', making the angles B D E, B' D' E', 
B" D" E" respectively, equal to A D E, A D' E'* A D" E" ; 
the lines D E, D' E,' D" E" being drawn from the points 
D, D', D", where the rays are incident, perpendicular to M N ; 
and by continuing the reflected rays bsickwaids, they will be 
found to meet at a point A' as far behind the mirror M N as 
A is before it ; that is, if A N A' be drawn perpendicular io 
M N, A' N will be equal to A N. Hence the rays will have 
the same divergency after reflexion as they had, before it If 
we consider A D" D as a divergent beam of light included 
between A D and A D", then the reflected beam included 
between,D B and D" B" will diverge from A', and will be in- 
verted after reflexion. 

(17.) Reflexion of converging rays. Converging rays 
are those which proceed from several pomts A A' A", fig, 6., 
towards one point K When such rays &11 upon a plane 




mirror, M N, they will be reflected in directions D B', D' B', 
D" B', forming the same angles with the perpendiculars D E, 
D' E', D" E", as the incident rays did, and converging to a point 
B' as far before the mirror as the pomt B is behmd it If we 
consider A D D" A" as a convergmg beam of light, D" B' D^ 
will be its form after reflexion. 

In all these cases the reflexion does nothing more than 
invert the incident beam of light, and shift its point of diver- 
gence or convergence to the opposite side of the mirror. ^ 



Reflexion of Rays from Concave Mirrors, 

(18.) Reflexion of parallel rays. Let M N, fig, 7., be a 
concave mirror whose centre of concavity is C ; and let A D, 
AM, A N be parallel rays, or a parallel beam of light falling 
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apoQ it, at and near to the vertex D. Then, since C M, C N 
are perpendicular to the sur&ce of the mirror at the points M 
and N, C M A, C N A will be the angles of incidence of the 
rays A M, A N. Mai^ the angles of reflexion C M F, C N F 
equal to C M A, C N A, and it will be found that the lines 
M F, N F meet at F in the line A D, and these lines M F, 
N P will be the reflected rays. The ray A C D being per- 
pendicular to the mirror at D, becau^ it passes throu^ the 

Fig. 7. 
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centre C, will be reflected in an opposite direction D F ; so 
that all the three rays, A M, A D, and A N, will meet at one 
point, F. In like manner it will be found that all other rays 
between A M and A N, iallinff upon other points cS the mirror 
between M and N, will be reflected to the same point F. The 
point F, in which a concave mirror collects the rays which fall 
upon it, is called ikie focus, or fire-jdace, because the juys thus 
collected have the power of burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point F is called its prin- 
dpai focus, or its focus for paraUelrays. When we consider 
that the rays which fbiin the beam A M N A occupy a large 
space before they fall upon the mirror M N, and by reflexion 
are condensed upon a small space at F, it is easy to understand 
how they have the power of burning bodies placed at F. 

Rule. — ^The distance of the focus F from the nearest point 
or Vfertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's concavity. The distance F D is called the 
principal focal distance of the mirror. The truth of this rulo 
may be found by projecting fg. 7. upon a large scale, and by 
taking the points M N near to D. ^ 

(19.) Reflexion of diverging rays. Let M N, f^. 8., ' 
be a concave mirror, whose centre of concavity is C, 
and let rays A M, A D, A N, diverging or radiatmg from ^ 
the point A, fall upon the mirror at the points, M, D, N, 
and be reflected from these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the points M, D^ and N, we shall find 
B2 
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the reflected rays M F, N F, by making, the angle F M C 
equal to A M C, and F N C equal to A N C ; and the point F 
where these rays meet will be the focus where the diverging 
rajrs A M, A N are coHected. By comparing fc-. 7. with Jig. 
6. it is obvious that, as the incident ray A M in j&. 8. is nearer 
the perpendicular C M than the same ray is in j^. 7., the re- 
flected ray M F will also be nearer the perpendicular C M 
than the same ray injis', 7. ; ^M as the same is ti ue of the 
reflected ray N F, it fbliows that the point F must be nearer " 
C in fig. 8. than in fig. 7. ; that is, in the reflexion of diverg- 
ing rays the focal distance D F of the mirror is greater than 
its focal distance for parallel rays. 

If we suppose the point of divergence A, fig. 8., or the 
radiant point, as it is called, to approach to O, the incident 
rays A M, A N will approach to the perpendiculars C M, C N, 
and consequently the reflected rays M F, N F wiD also ap- 
proach to C M, C N ; that is, as the radiant point A approaches 
to the centre of concavity C, the focus F also approaches to 
it, so that when A reaches C, F will also reach C ; that is, 
when rays diverge from the centre, C, of a concave mirror, 
they will all be reflected to the same point 

If the radiant point A passes C towards D, then the fecus F 
will pass C towards A ; so that if the light now diverges from 
F it will be collected in A, the |)oints that were formerly the 
radiant points being now the foci. From this relation, or in- 
terchange, between the radiant points and the foci, the points 
A and F have been called conjugate foci, because if either 
of tliem be the radiant point the other will be the ybcoZ point 

If in^^. 7. we suppose F to be the radiant point, then the 
focal point A will be at an infinite distance; that is, the rays 
will never meet in a focus, but will be parallel, like M A, N A 
in^^-. 7. 

In like manner it is obvious, that if the point F is ntf, as in 
fijg. 9., the reflected rays will be M a, N a ; that is, they will 
diverge from some point, AV behind the mirror M N ; and as 



ebAi^A %• ooncAVB xhuiobs* 1^ 




y approaches to D, they will diverge more .and more, as if the 
point A', from which they seem to diverge, approached to 
D. The point A' behind the mirror, from which the rays M a, 
N a seem to proceed, or at which they would meet if tliey 
moved backwards in the directions a M, a N is called thejr 
virtual focuSf because they only tend to meet in that focus. 

Li all these eases the distance of the focus F may be deter- 
mined either by projection or by the following rule, the radius 
of the concavity of the mirror^C D, and the distance, A D, 
of the radiant point, being given. 

Rui^. Multiply the distance, A D, of the radiant point from 
the mirror by the radius, C D, of the mirror, and divide tliis 
product by the difference between twice the distance of the 
radiant point and the radius of the mirror, and the quotient 
will be F D, th^ conjugate focal distance required. 

In applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
tXfyJig. 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
i^ill be given by the rule. 

(20.) Reflexion of converging rays. Let M l^fflg, 10., be 
a concave mirror whose centre of concavity is C, and let ray* 
A M, A D, A N, ccMi verging to a point A' behind the mirror, fall 
upon the mirror at the points M, D, and N, and suffer reflexion 
at these points ; M and N being near to D. The lines C M, C D, 
and C N being perpendicular to the mirror at the points M, D, 
and N, we shall find the reflected rays M F and N F by making 
the angle F M C equal to A M C, and F N.C equal to A N C ; 
and the point F, where these rays meet, will be ^e focus wheie 
the converging rays A M, A N are collected. By comparing 
^. 10. with^fl". 7. it will be manifest, that, as the inqident ray 
A M in fig* 10. is farther from the perpendicular C M than 
th« same ray A M iBflg, 7., the reflected ray M F mfig. 10 
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will also be fiirthcr from the perpendicular C M than the same 
ray in Jig, 7. ; and as the same is true of the reflected ray N P, 
it follows that the point F must be farther from C in^^. 10. 
than in^^. 7. ; that is, ui the reflexion of c^n verging rays, 
the conjugate focal distance D F of the mirror is less £an its 
distance ror parallel rays. 

If we suppose the pomt of convergence A', Jig, 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars C M, C N ; and as the reflected rays M F, 
N P will also recede from C M, C N, the focus F will like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
their point of convergence A' recedes farther from D to the 
left, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
Jig, 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
following rule. 

Rule. Multiply the distance of the point of convergence 
from the mirror by the radius of the murror, and divide this 
product by the sum of twice the distance of the ]:adiant point 
and the radius C D, and the quotient will be the distance of 
the focus, or F D, the focud F being always in front of the 
mirror. 

Reflexion of Rays from Ckmvex Mirrors. 

(21.) Reflexion of parallel rays. Let M N, Jig, 11., be a 
convex mirror whose centre is C, and let A M, A D, A N be 
parallel rays falling upon it Ck)ntinue the lines C M and C N 
to £, and M E, N £ will be perpendicular to the sur&ce of 
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the mirror at the points M and N. The raye A M, AN will 
therefore be reflected in directions M B| N B, the angles of 
reflexion E M B, £ N B bein^ equal to the angles of incidence 
E M A, £ N A. By continuing the reflected rays B M, B N 
backwards, they will be found to meet at F, their yirtual focus 
behind the mirror ; and the focal distance D F for parallel rays 




will be almost exactly one half of the radius of convexity 
C D, provided the points 'M and N are taken near IX 

(22.) Reflexion of diverging rays. Let M N,^. 12., be a 
convex mirroTi C its centre of convexity, and A Mf.AN raya 
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diverging^ from A, which fidl upon the mirror at the points 
M, N. The lines C M £ and C N E will be, as before, per- 
pendicular to the mirror at M and N ; and consequently, if 
we make the angles of reflexion £ M B, £ N B equal to the 
angles of incidence £ M A, E N A, M B, N B will be the re- 
flected rays which, when continued backwards, will meet at 



22 A TRSATI8S ON OPTICS. PABT !• 

F, their virtual focus behind the mirror. By compoxing fig, 
12. with fig, 11., it is obvious that the ray A M, fig, 12., is 
fiirther from M £ than in fig. 11., and consequently the re- 
flected ray M B must also be &rther from it Hence, as the 
same is true of the ray N B, the point F, where these rays 
meet, must be nearer to D vafig, 12. than in^^. 11. ; Ihat is, 
in the reflexion of diverging rays, the virtual focal distance 
D F is less than for parallel rays. 

For the same reason, if we suppose the point of divergence 
A to approach the mirror, the virtual focus F will also approach 
it ; and when A arrives at D, F will also arrive at D. In lik^ 
manner, if A recedes from the mirror, F will recede from it; 
and when A is infinitely distant, or when the rays become 
parallel, as in^^. 11., F will be hsdf-way between D and C? In 
all these cases, the focus is a virtual one behind the mirror.*" 



CHAP. n. 

IMAGES FORMED BT MIRRORS. 

(23.) The image of anv object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a white 
ground, such as a sheet of paper. Images are generally form- 
ed by mirrors or lenses ; though they may be formed also by 
placmg a ^reen, with a small aperture, between the object 
and the sheet of paper which is to receive the image. In 
« order to understand this, let C D be a screen or window-shut- 
ng. 13. 




ter with a small aperture. A, and £ F a sheet of white paper 
placed in a dark room. Then, if an illuminated object, RGB, 
IS placed on the outside of the shutter, we shall observe an in- 
verted image of this object painted on the paper at r ^ 6. In 
order to understand how this takes place, let us suppose tlte 
object R B to have three distinct colors, red at R, green at G, 
and Hue at B; then it is plain that the red li^t from R will 

* For a diKussion of tbe subjects in this chapter, see (ic the CoU^^ Edi 
tlon) the Appendix of American Editor, Chapter I. 
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pass in straight lines tharough the apeftare A, and Ml open 
the paper E F at r. In like manner the green liffht from 6 
will fill upon the paper at g, and the blue lifffat from B will 
6l11 upon the paper at b ; thus painting upon the paper an <n» 
verted image, rb, of the olject, R R As every colored point 
in the object R B has a colored point correspondinff to it, and 
opposite to it on the paper E F, the ixoage b r will be an ac- 
curate picture of the object R B, provided the aperture A is 
very small. But if we increase tiie aperture, the imaffe will 
become less distinct; and it will be nearly obliteratea when 
the aperture is large. The reason of ttus is, that, with a 
lar^ aperture, two adjacent points of the object will throw 
their light on the same point of the paper, and thus create 
confusion in the image. 

It is obvious from^. 13., that the size of the image b r will 
increase with the distance of the paper £ F behind the hole 
A. If A ^ is equal to A G, the nnage will be equal to the 
object; if A g- is less, than A G, the image will be less than 
the object; and if A ^ is greater than AG, the image will 
be greater than the object 

As each point of an object throws out rays in all directions, 
it is manifest that those only which fall upon the small aper- 
ture at A concur in forming the ima^ b r ; and as the num- 
ber of these rays is very small, the miage b r must have very 
little light, and therefore cannot be us^ for any optical pur- 
poses. This evil is completely remedied in the formation of 
images by mirrors and lenses. 

(24.) Formation of images by concave mirror$. Let A B, 
Jig. 14., be a concave mirror whose centre is C, and let M N 
be an object placed at some distance before it Of all the 

Pig. 14. 




rays emitted in every direction by the point M, the mirror re- 
ceives only those which lie between MA and M~B, or a cone 
of rays M A B whose base is the spherical mirror, the section 
(£ whicn is A R If we draw the reflected rays A m, B m, 
for all the incident rays M A, M B, by the methods already 
described, we dudl find, that they will all meet at the point m, 
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•fid wOl there {Miint the extremity M of the object In like 
maimer, the eone of rays NAB flowiag from the other ex- 
tremity N of the object will be reflect^ to a focus at n, a^ 
will there paint that pcnnt of the object For the same reason, 
cones of rays flowing from ii^rmediate points between M 
and N will be reflected to intermediate points in the image 
between m and ti, and m n will be an exact inverted pictor^ 
iji the object M N. It will also be very bright, because a 
great number of rays concur in forming each point of tiie 
image. The disttmce of the ima^e from the mirror is found 
by £e same rule which we have given for finding the focus of 
divermng rays, the points M, m in Jig, 14. corresponding with 
A and F in j^. 8, 

If we measure the relative sizes of the object M N and its 
image m n, we shall find that in every case the size of the 
image is to the size of the object as the distance of the image 
from the mirror is to the distance of the object fh>m it 

If the concave mirror A B is large, and if the object M N 
is very bright, such as a plaster of Paris statue strongly illu- 
minated, the image m n will appear suspended in the air; and 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variation in the 
size and place of the image. When Sie object is placed at 
m n, a magnified representation of it will be formed at M N. 
(25.) For^nation of images by convex mirrors. In concave 
mirrors there is, in all cases, a real ima^e of the object formed 
in front of the mirror, excepting when uie object is placed be- 
tween the }Hrincipel focus and the mirror, in which case it 
gives a virtual image formed behind it ; whereas in convex 
mirrors the image is always a virtual one formed behind the 
mirror. 

Let A B,Jig, 15., be a convex mirror whose centre is C, and 
j^ jg M N an object placed before it ; and let 

the eye of the observer be situated any- 
where in front of the mirror, as at E. 
Out of the great number of rays which 
are emitted in every direction from the 
points M, N of the object, and are sub- 
sequently reflected from the mirror, a 
few only can enter the eye at E. Those 
which do enter the eye, such as D £, 
FEandGE,HE,willbe reflected 
from the portions D F, G H of th^ mir- 
ror so situated with respect to the eye 
and the points M, N that the angles of incidence and reflexion 
will be equal The ray M D mil be r^ected in a direction 
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D E, forming the same an^le that M D does with the perpen- 
dicular C N, and the ray N G in the direction G E. In like 
manner, F E, H E will be the reflected rays corresponding to 
this incident ones M F, N H. Now, if we continue backwards 
the rays D E, F E, they wDl meet at m ; and they will there- 
fore appear to the eye to have come fix)m the point m as their 
focus. For the same reascm the rays G £, H £ will appear to 
come from the point n as their focus, and m n will be the vir- 
tual image of the object M N. It lb called virtual because it 
is not formed by the actual union of rays in a focus, and cannot 
be received upon paper. If the eye £ is placed in any otlicr 
position before the mirror, and if rays are drawn from M and 
N, which after reflexion enter the eye, it will be found that 
these rays continued backwards will have their virtual foci at 
m and n. Hence, in every position of the eye before the mir- 
ror, the image will be seen in the same spot mn. If we draw 
the lines C M, C N from the centre of the mirror, we shall 
£nd that the points m, n are always in these lines. Hence it 
is obvious that the image m n is always erecU and less than 
the object It will approach to the mirror as the object M N 
approaches to it, and it will recede from it as M N recedes ; 
and when M N is infiniteljr distant, and the rays which it 
emits become parallel, the image m n will be half-way be- 
tween C and the mirror. In other positions of the object the 
distance of the image will be found by the rule already given 
for diva-ging rays &llisg upon convex mirr(»«. The size of 
the image is to the size of the object, as C m, the distance of 
the image from the centre of the mirror, is to C M, the dis- 
tance of the object. In approaching the mirror, the image 
Jind object approach to equality ; and when they touch it, they 
are both of the same size. Hence it follows that objects are 
always seen dirainbhed in convex mirrors, unless when they 
actually touch the mirror. 

(26.) Formation of images by plane mirror*. Let A B, 
Pig- 10. fig. 16L, be a plane mirror or looking-glass, 

M N an object situated before it, and E 
die place or the eye ; then, upon the very 
same prir.ciples which we have explained 
for a convex mirror, it will be found that 
[ / B an image of M N will be formed at m «, 
*^ the virtual foci th, n being determined by 
continuing back the reflected rays D E, 
F E till they meet at iw, and GE, HE till 
they meet at n. If we join the points 
M, m and N, n, the lines M m, N n will 
C 
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be perpendicular to the mirror A B, and consequently parallel ; 
and the ima^e will be at the same distance, and have the same 
position behind the mirror tliat the object has before it Hence 
we see the reason why the images of all objects seen in a 
looking-glass have the same form and distance as the objects 
themselves.* 
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(27.) Dioptrics is that branch of optics which treats of the 
progress of those rays of light which enter transparent bodies 
and are transmitted through their substance. 

CHAP. III. 

REFRACTION. 

(28.) When light passes through a drop of water or a piece 
of gla^ it obviously suffers some change in its direction, be- 
cause it does not illuminate a piece of paper placed behind 
these bodies in the same manner as it did before they were 
placed in its way. These bodies have therefore exercised 
-some action, or produced some change upon the light, during 
its progress through them. 
In order to discover the nature of this change, let A B C D 
Fig.'V. ^ be an empty vessel, having a hole 

jS H in one of its sides B D, and let a 
lighted candle SJ)e placed within a 
few feet of it, so that a ray of its 
light S H may fall upon the bottom 
C D of the vessel, and fonn a round 
spot of light at «. The beam of 
light S H R o will be a straight 
line. Having marked the point a which the ray from S 
strikes, pour water into the vessel till it rises to the level E F. 
As soon as the surface of the water has become smooth, it will 
be seen that the round spot which was formerly at a is now 
at b, and that the ray S H R 6 is bent at R ; H R and R b 
being two strai^t lines meeting at R, a point in the surface 
of the water. Hence it follows, that all objects seen under 
water are not seen in their true direction by a person whose 
eye is not immersed in the water. If a fish, tor example, is 
lying at b,Jig. 17., it will be seen by an eye at S in the direc- 
tion S a, the direction of the refracted ray R S ; so that, in 

* For the formation of imnges by mirrors, see Cin the College edition) tbe 
Appendix of Am. ed. chap. ii. 
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order to shoot it with a ball, we must direct the gun to a 
point nearer us than the point a. For the same reason, every 
point of an ohject under water appears in a place different 
from its true place ; and the difference between tlie real and 
apparent place of any point of an object increases with its 
depth beneath the surface, and with uie obliquity of the ray 
R S by which it is seen. A straight stick, one half of which 
is immersed in water, will there^re appear crooked or bent 
into an angle at the point where it enters the water. A 
straight rod S R a, for example, will appear bent like S R 6 ; 
and a rod bent will, for a like reason, appear straight. This 
effect must have been often observed in the case of an oar 
dipping into transparent water. 

If in place of water we use alcohol, oil, or glass, the sur- 
faces of all these bodies coinciding with the line £ F, we shall 
find that they all have the power of bending the ray of light 
S R at the point R ; the alcohol bending it more than the 
water, the oil more than the alcohol, and 3ie glass more than 
the oil. In the case of glass, the ray would be bent into the 
direction R c The power which thus bends or changes the 
direction of a ray of light is called refraction, — a name de- 
rived from a Latin word, signifying breaking back, — ^because 
the ray S R a is broken at R, and the water is said to refract, 
or break the ray, at R, Hence we may conclude that if a 
ray of light, passing through air, falls in an oblique or slanting 
direction on the surface of solid or fluid bodies that are trans- 
parent, it will be refracted towards a line, M N, perpendicular 
to the surface E F at the point R, where the ray enters it ; 
and that the quantity of this refraction, or the angle a R 6, 
varies with the nature of the body. The power by which 
bodies produce this effect is called their refractive power, and 
bodies that produce it in different degrees are said to have 
different refractive powers. 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cemented on the bottom of it at 
a. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
through the hole H. If water be now poured into the vessel 
tip to E F, the observer will no longer see the sixpence ; but 
if another sixpence is placed at a, and is moved towards b, it 
will become visible when it reaches b, , Now, as the ray from 
the sixpence at b reaches the eye, it must come out of the 
water at a point, R, in the surface, found by drawing a straight 
lifie, SHR, through the eye and the hole H; and c6nse- 
quently 6 R must be the direction of the ray, which makes 
the sixpence visible, before its refraction at R. But if tliis 
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ray had moved onwards in a straight line, without being re< 
fracted at R, its path would have teen b h ; whereas, in con- 
sequence of the refraction, its path is R H. Hence it follows, 
that when a ray of light, passing through any dense medium, 
such as water, &c, in a direction oblique or slanting to its 
surface, quits the medium at any point, and enters a rarer 
medium, such as aii^ it is refracted from the line perpendicu- 
lar to tlie surface at the point where it quits it 

When the ray S H R from the candle ialls, or is incident 
i^n the surface E F of the water, and is refracted in the di- 
rection R b, towards the perpendicular M N, the angle M R H 
which it makes with the perpendicular, is called the angle of 
incidence ; and the angle N R 6, which the ray R b bent or 
refracted at R makes with the same perpendicular, is called 
the angle of refraction. The ray H R is called tlie incident 
ray, and R 6 the refracted ray. But when the light comes 
out of the water from the sixpence at 6, and is refracted at R 
in the direction R H, 6 R is the incident ray and R H the 
refracted ray. The angle N R 6 is the angle of incidence, 
and M R H the angle of refraction. 

Hence it follows, that when light passes out of a rarer into 
a denser medium^ a^from air to water , the angle of incidence 
is greater than the angle of refraction; and when light 
passes out of a denser into a rarer medium^ as out of water into 
air, the angle of incidence is less than the angle of refrac" 
tion: and these angles are so related to one another, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray becomes 
the refracted ray. 

(29.) In order to discover the law, or rule, according to 



Fig. 18. 



which the rays of light enter or quit 
water, or other refracting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of the incident ray, describe a 
circle M N upon a square board 
A B C D, fig, 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, E F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tube, H R, be so made that it 
may be attached to the board along 
any radius H R, H' R, or, what would 
be still better, that it may move 
freelv round R as a centre. Let the board with its pedestal be 
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placed in a pool or tub of water, or in a glass vessel of water, so 
that the surface of the water may coincide with the line £ F 
without touching the end R of the tube H R, When the tube 
is in the position M R, perpendicular to the surfiice £ F of the 
water, amnit a ray of light down the tube, and it will be seen 
that it enters the < water at R, and passes straight on to N, 
without suflTering any change in its direction. Hence it fol- 
lows, that a ray of light incident perpmdictdarly on a rC" 
fractijig surface experiences no refraction or change in its 
direction. If we now place a sixpence at N, we shall see 
it through the tube M R ; so that the rays from the sixpence 
quit the water at R, and proceed in the same straight line 
N R M. Hence a ray of light quitting a refracting surface 
perpendicularly undergoes no refraction or change of direc- 
tion. If we now bring the tube into the position H R, and 
make a ray of li^t pass along it, the ray will be refracted at 
R in some direction R 6, the angle of refraction N R 6 being 
less than the angle of incidence M R H. If we now with a 
pair of compasses, take the shortest distance 6 n of the point 
h from the perpendicular M N, and make a scale of equal 
parts, of which 6 n is one part, the scale being divided into 
tenths and hundredths, and if we set the distance H m upon 
this scale, we shall find it to be 1'396 of these parts, or 1^ 
nearly. If this experiment is repeated at any other position, 
H' R, of the tube where R 6' is the refracted ray, we shall 
find that on a new scale, in which b* n' is one part, H' m' will 
also be 1*336 parts. But the lines H m, H' m' are called the 
sines of the angles of inddenee H R M, H' R M; and b ti, 
6' n' the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
whatever be the position of the ray with respect to the sur&ce 
E F of the water. This truth is called by optical writers the 
constant ratio of the sines. By placing a sixpence at b, we 
shall find that it will be seen through Sie tube when it has 
the position H R ; and placing it at 6', it will be seen tlirough 
it in the position H' R. Hence, when light quits the surface 
of water, the sine of its angle of incidence b^N will be to 
the sine of its .angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines 5 n, H m ; and since these 
are also the measures of 6' n* H' m* upon another scale, in 
which b' n' is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we msik^ the same experiment with other bodies, we 
shall obtain different degrees of refraction at the same angles; 
C2 



80 A TREATISE ON OPTICS. PART I 

Dul in every case the sines of the angles of incidence and 
refraction will be found to have a constant ratio to each other. 

The number 1*336, which expresses this ratio for water, ia 
called the index of refraction for water, and sometimes ita 
refractive power, 

(30.) As philosophers have determined the index of refrac- 
tion for a great variety of bodies, we are able, from those* de- 
terminations,' to ascertain the direction of any ray when re- 
fracted at any angle of incidence from the surface of a given 
body, either in entering or quitting it Thus, in the case of 
water, let it be required to find the direction of a ray, H R,Jig'. 
18., after'it is refracted at the surface E F of water : draw R Af 
perpendicular to E F at the point R, where the ray H R enters 
the water, and from H draw H m perpendicular to M R. 
Take H m in the compasses, and make a scale in which this 
distance occupies 1*336 parts, or IJ nearly. Then, taking 1 
on the same scale, place Qpe foot of the compasses in the 
quadrant N F, and move that foot towards or from N till the 
other foot falls upon some one point n in the perpendicular 
R N, and in no other point of it Let b be the point on which 
the first foot of the compasses is placed when the second falls 
upon n, then the line R 6 passing through this point will be 
the, refracted ray corresponding to the incident ray H R. 

(31.) Table I. (Appendix) contains the index of refraction 
for some of the substances most interesting in optics. 

(32.) As the bodies contained in these tables have all dif- 
ferent densities, the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particles. The small refractive index of hydrqgen, 
for example, arises from its particles being at so great a distance 
from one anotlier ; and, if we take its specific gravity into 
account, we shall find that, instead of having a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which different media exert is of the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this way Table II. (Appendix) has been calculated. 

Mr. Herschel has justly remarked, that if, according to tho 
doctrines of modern chemistry, material bodies consist of a 
finite number of atoms, differing in tlieir actual weight for 
every differently compounded substance, the intrinsic refrac- 
tive power of the atoms of any given medium will be th€ 
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product arising from multiplying the number fur the medium, 
in Table II. by the weij^ht of its atom. 

(33.) In examining Table II., it appears that the substances 
Which contain fluoric acid have the least absolute refractive 
power, while all inflammable bodies have the greatest The 
high absolute refractive power of oil of cassia, which is placed 
atove all other fluids, and even above diamond^ indicates the 
great inflammability of its ingredient&f 



^ • CHAP. IV.* 

REFRACTION THROUGH FRISKS AlO) LENSES. 

(34). By means of the law of refraction explained in the 
preceding pages, we are enabled to trace a ray of light in ita 
passage through any medium or body of any figure, or through 
any number of bodies, provided we can always find the incli- 
nation of the incident ray to that small porticm of the surface 
where the ray either enters or quits the body. 

The bodies generally used in optical experiments, and in 
the construction of optical instruments, where the eflfect ia 
produced by refraction, are prismsj plane glasses, sphere's, 
and lenses, a section of each of which is ^own in Uie an- 
nexed figure. 

♦ Fig. 19. 
/V B C; D E F G H I 

1. The most common optical prism, shown at A, is a solid 
having two plane surfaces A R, A S, which are called its re- 
fracting surfaces. The face R S, equally inclined to A R 
and A S, is called the hose of the prism. 

2. A plane glass, shown at B, is a plate of glass with two 
plane surfaces, ah,cd, parallel to each otiier. 

3. A spherical lens, shown at C, is a sphere, all the points 
in its surface being equally distant from the centre O. 

4. A double convex lens, shown at D, is a solid formed by 
iiro convex spherical surfaces,. having their centres on oppo- 
site sides of the leni^ When the radii of its two surfaces are 
equal, it is said to be equaUy convex ; and when the radii are 
unequal, it is said to be an unequally convex lens. 

* For the subjects treated in this and in the preceding chapter, Ke (in the 
College edition) the Appendix of Am. ed. chap. iii. 
t See Note No. L at the close of author's Appendix. 
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5. A plano-convex lens, shown at E, is a lens having one 
of its surfaces convex and the other plane. 

6. A double concave lens, shown at F, is a solid bounded by 
ttDo concave spherical surfaces, and may be either equally or 
unequally concave. 

7. A plano-concave lens, represented at G, is a lens one of 
whose surfisLces is concave and the other plane. 

8. A meniscuSf shown at H, is a lens one of whose surfaces 
is convex and the other concave, and in which the two surfaces 
meet if continued. As the convexity exceeds the concavity, 
it may be regarded as a convex lens. 

9. A concavo-convex lens, shown at I, is a lens one of whose 
surfaces is concave and the other convex, and in which the 
two surfaces will not meet though continued. As the con- 
cavity exceeds the convexity, it may be regarded as a concave 
lens. 

In all these lenses a line, M N, passing through the centres 
of their curved surfaces, and perpendicular to their plane sur- 
faces, is called the aocis. The figures represent only the sec- 
tions of the lenses, as if they were cut by a plane passing 
through their axis ; but the reader will understand that the 
convex surface of a lens is like the outside of a watch-glass, 
and the concave surface like the inside of a watch-glass. 

In showing the progress of light through such lenses, and 
in explaining their properties, we shall still use the sections 
shown in the above figure ; for since every section of the same 
lens passing through its axis has exactly the same form, what 
is true of the rays passmg through one section must* be true 
of the rays passing through every section, and consequently 
through the whole surface. 

(35.) Refraction of light through prisms. As prisms are 
introduced into several optical instruments, and are essential 
parts of the apparatus used for decomposing li^ht and exam- 
ming the properties of its component parts, it is necessary 
that the reader should be able to trace the process of light 
throughtheir two refracting surfaces. Let A B C be a prism of 
plate glass whose index of refraction 
IS 1*500, and let H R be a ray of light 
falling obliquely upon its first surface 
A B at the point R. Round R as a 
centre, and with any radius H R, de- 
scribe the circle H M 6. Through R 
draw M R N perj)endicular to A B, 
and H m perpendicular to M R. The 
anffle H R M will be the angle of in- 
cidence of the ray H R, and H m its sine, which in the present 
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case is 1*500. Then having made a scale in which the dis- 
tance H m is 1*500, or 1^ parts, take 1 part or unity from the 
same scale, and having set one foot of the compasses on the 
circle somewhere #bout 6, move it to different points of the 
circle till the other foot strikes only one point n of the line 
R N ; the point b thus found will be that through which the 
refracted ray passes, R b will be the refracted rav, and n R 6 
the angle of refraction, because the sine 6 n of this angle has 
been made such that its ratio to H m, the sine of the uiffle of 
incidence, is as 1 to 1*500. The ray R b thus refracted will 
go on in a straight line till it meets the second surface of the 
prism at R', where it will again sufier refraction in the direc- 
tion R' 6'. In order to determine this direction, make R' H' 
equal to R H, and, with this distance as radius, describe the 
circle H'6'. Draw R'N perpendicular to AC, and H' m' 
perpendicular to R'N, and form a scale on which H'tn' shall 
be 1 part, or 1*000, and divide it into tentA and hundredths. 
From this scale take in the compasses the index of refraction 
1*500, or 1^ of these parts ; and having set one fix>t some- 
where in the line R' n', move it to different parts of it till the 
other foot Ms upon some part of the circle about 6', taking 
care that the point b' is such, that when one foot of the com- 
passes is placed there, the other foot will touch the line R' n\ 
continued, only in one place. Join R' 6'. Then, since H' R' tn' 
is the angle of incidence on the pecond surfiice A C, and H'm' 
its sine, and since n' b\ the sine of the angle b' K' n', has been 
made to have to H' m' the ratio of 1*500 to 1, b' R' n' will be 
the angle of refraction, and R' b' the refracted rav. 

If 'we suppose the original ray H R to proceed from a can- 
dle, and if we place our eye at b' behind the prism so as to 
receive the re&acted ray b' R', it will appear as if it came 
in the direction D R' b', and the candle will be seen in that di- 
rection ; the angle H E D representing its anmilar change of 
direction, or the angle of deviation, as it is ctdled. 

In the construction of ^^. 20., the ray H R has been made 
to fall upon the prism at such an angle that the refracted ray 
R R' is equally inclined to the faces A B, A C, or is parallel to 
the base 6 C of the prism ; and it will be found that the angle 
of incidence on the race of the prism, H R B is equal to the 
angle of emergence 6'R'C. Under these circumstances we 
shall find, by making the angle H R B either greater or less 
than it is in the figure, that the angle of deviation H E D is 
less than at any other angle of incidence. If we, therefore, 
place the eye behind the prism at 6', apd turn the orisih 
round in the p»lane B A C, sometimes bringing A towards the 
eye and sometimes pushing it firom it, we shall easily discover 
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the position "where the image of the candle seen in the direc- 
tion b' D has. the least deviation. When this position is found, 
tlio angles H R B and b' R' C are equal, and R R' is parallel 
to B C, and perpendicular to A F, a line bisecting the refract- 
ing angle B A C of the prism. Hence ifrmay be shown by 
the similarity of triangles, or proved by projection, that the 
angle of refraction 6 R n at the first surface is equal to B A P, 
half the refracting angle of the prism. But since B A F is 
known, ^e angle of refraction 6 R n is also known ; and the 
angle of mcidence H R M being found by the preceding methods, 
we may determine the index of refraction for any prism by the 
following analogy. As the sine of the angle of refraction is to 
the sine of the angle of incidence, so is unity to the index of 
refraction ; or tlie index of refraction is equal to the sine of 
the angle of incidence divided by the sine of the angle of re- 
fraction. 

(36.) By this n^thod, which is very simple in practice, we 

may readily measure the refractive powers of all bodies. If 

the body be solid, it must' be shaped into a prism ; and if it is 

Buft or fluid, it must be placed in the angle B A C of a hollow 

F^. 2J. prism ABC, Jiff, 21., made by cementr 

^C in§ together three pieces of plate glass, 

^^\ A B, A C, B C. A very simple hollow 

^^ff^ B 1^ prism for this purpose may be made by 

A^^^Sl %y fastening together at any angle two 

— ia^i^B pieces df plate glass, A B, A C, with a 

bit of wax, F. A drop of the fluid may then be placed in the 

angle at A, where it will be retained by the force of capillary 

attraction. 

When- light is incident upon the second surface of a prism, 
it may fall so obliquely that the surface is incapable of refract-' 
ing it, and therefore the incident light is totally reflected from 
the second surface. As this is a curious property of light, we 
must explaui it at some length. 

On the total Refleonon of Light. 

(37.) We have already stated, that when light falls upon 
the first or second surfaces of transparent bodies, a certain 
portion of it is reflected, and another and much greater portion 
transmitted. The light is in this case said to he partially re- 
flected. When the light, however, falls very obliquely upon 
the second surfiice of a transparent body, it is wholly reflected, 
a^d not a single ray suffers refraction, or is transmitted by the 
surface. Let A B C be a prism of glass, whose index of re- 
fraction is 1-500: let a ray of light G K,fig, SS., be refracted 
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ftt K by the first surfiice A B, su 
^''^ as to fell on the point R of the 

second surfece very obliquely, 
and in the direction K R. Upon 
R as a centre, and with any ra- 
dius, R H, describe the circle H 
M £ N F ; then, in order to find 
the refracted ray correspondinff 
to H R, make a scale on which 
H m is equal to 1, and take in 
the compasses 1'500 or 1^ from that scale, and setting one 
foot in the quadrant E N, tr}r to find some point in it, so that 
the other foot may fall only in one point of the radius R N. It 
will soon be seen that there is no such point, and that l*5(Xy is 
greater even than E R, the sine of an angle E R N of 90°. If 
the distance 1*500 in the compasses had been less than E R, 
the ray would have been refracted at R ; but as there is no 
angle of refraction whose sine is 1-500, the ray does not 
emerge from the prism, but suffers total reflexion at R in the 
direction R S, so that the angle of reflexion M R S is equal to 
the angle of incidence M R H. If we constructing-. 22. so as 
to make the incident ray H R take different positions between 
M R and F R, we shall find that the refracted ray will take 
diSerent positions between R N and R E. There will be 
some position of the incident ray about H R, where the re- 
fracted ray will just coincide with R E ; and that will happen 
when the quantity 1*500, taken from the scale on which H m 
\a equal to 1, is exactly equal to R E, or radius. At all posi- 
tions of the incident ray between this line and F R, refraction 
will be impossible, and the ray incident at R will be totally 
reflected. It will also be found tliat the sine of the angle of 
incidence at R, at which the light begins to be totally reflect- 
ed, is equal to.T,4?nr» or '666, or |, which is the sine of 41° 48', 
the angle of total reflexion for plate glass. 

The passage from partial to total . reflexion may be finely 
seen, by exposing ond side, A C, of a prism A B C,Jiff. 20., to 
the light of the sky, or at night to the light reflected from a 
large sheet of white paper. When the eye is placed behind 
the other side, A B, of the prism, and looks at the image of 
the sky, or the paper, as reflected from the base, B C, of the 
prism, it will see when the angle of incidence upon B C is 
less than 41° 48', the feint light produced by partial reflexion ; 
but by turning the prism round, so as to render the incidence 
gradually more oblique, it will see the faint light pass sud- 
denly into a bright light, and separated from -the faint light by 
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'a colored fringe, which marks the boundary of the two reflex 
ions at an angle of 41° 48'. But, at all angles of incidence 
above this, the light will suffer total reflexion. 



Refraction of Light through Plane Glasses, 
(38.) Let M N,^£. 23., be the section of a plane glass with 



Fig, 93. 




parallel faces ; and let a ray of light, 
A B, fall upon the first sui^e at B, 
and be refVacted into the direction 
B C : it will again be refracted at its 
emergence fix)m the second sur&ce 
at C, in a direction, C D, parallel to 
A B; and to an eye at D it will ap- 
pear to have proceeded in a direction 
a C, which will be found by continu- 
ing D C backwards. It will thus appear to come from a point 
a Below A, the point from which it was really emitted. This 
may be proved by projecting the figure by the method already 
described'; though it will be obvious also from the considera- ^ 
tion, that if we suppose the refracted ray to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted rav B C, falling at equal 
angles upon the two surfaces of the plane glass, will euffer 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and consequently the angles which the re- 
fracted rays B A, C D form with the two refracting surfaces 
will be equal, and the rays parallel. « 

If we suppose another rav. A' B', parallel to A B, to fall 
upon the point B', it will suflfer the same refraction at B' and 
C, and will emerge in the direction C D', parallel to C D, ab 
if it came from a point a'. Hence parallel rays falling upon 
a plane glass wiU retain their parallelism after passing 
through it, 

(39). If rays diverging fiiom any point, A,^^. 24., such as 
A B, A B', are incident upon a 
plane glass, M N, they will bo 
refracted into the directions B C, 
B'C by the first surface, and 
C D, C D' by the second. By 
continuing C B, C B' backwards, 
they will be found to meet at a, 
a point farther from the glass 
than A. Hence, if we suppose 
the surfhce BB' to be that of standing water, placed horizon- 
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tally, an eye within it would see the point A removed to a, 
the divergency of the rays B C, B' C having heen diminished 
by refraction at the surmce B B'. But when the rays B C, 
B'jC' suffer a second refraction, as in the case of a plane glass, 
we shall find, by continuing D C, D' C backwards, that they 
will meet at b, and the object at A will seem to be brought 
nearer to the glass ; the rays C D, C H', by which it is seen, 
having been rendered more divergent uy the two refractions. 
A plane glass, therefore, diminishes the distance of the diver- 
gent point of diverging raya 

If we suppose D C, D' C to be rays converging to b, they 
will be made to ^converge to A by me refraction of the two 
surfaces; and consequently a plane glass causes to recede 
from it the convergent point of converging raysw 

If the two sur&ces B B', C C are equally curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave sides are so re- 
lated that the rays B A, C D are incident at equal angles on 
each surface: but this is not the case when the sur&ces have 
the same centre,' unless when the radiant point A is in their 
common centre. For these reasons, glasses with parallel sur- 
&ce6 are used in windows and fi>r watch-glasses, as they pro- 
duce very little change upon the form and position of objects 
seen through them. 



Refraction of Light through Curved Surfaces. 

(40). When we consider the inconceivable minuteness of 
the particles of light, and that a single ray consists of a suc- 
cession of those particles, it is obvious that the small part of 
any curved sur&ce on which it falls, and which is concerned 
in refracting it, may be regarded as a plane. The surface of 
a lake, perfectly still, is known to be a curved surface of the 
same radius as that oT the earth, or about 4000 miles ; but a 
square yard of it, in which it is impossible to ^discover any 
. curvature, is larger in proportion to the radius of the earth 
than the small space on the surface of a lens occupied by a ray 
of light is in relation to the radius of that surface. Now, 
mathematicians have demonstrated that aline touching a curve 
at any point may be safely regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
AB,^g-.25., Ms upon a curved refracting surface atB, its 
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rtg. 25. angle of iDcidence must be considered 

as A B D, the an^le which the ray 
A B forms with a line D C, perpendic- 
ular to a line M N, which touches, or 
is a tangent to, the curved surface at 
B. In all spherical surfaces, such as 
those of lenses, the tangent M N 'is 
perpendicular to the radius C B of the 
sur&ce. Hence, in spherical surfaces 
the consideration of the tangent MN is unnecessary; because 
the radius C D, drawn through the point of incidence B, is 
the perpendicular from which the angle of incidence is to be 
reckoned. • 

Refraction of Light through Spheres, 

(41.) Let M N be the section of a sphere of glass whose 
centre is C, and whose index of refraction is 1-5O0 ; and let 
parallel rays, fg. 26., H R, H' R', fell upon it at equal dis- 



tances on each side of the axis G C P. If the ray H R is in- 
cident at R, describe the circle H D 6 round R ; through C and 
R draw the line CRD, which will be perpendicular to the 
surface at R, and draw H m perpendicular to R D. Draw the 
ray R 6 r through a point b found by the method already ex- 
plained, and so that the sine 6 n of the angle of refraction 
6 R C may be 1 on the same scale on which H m is 1*500, or 
1^ ; then R b will be the ray as refracted by the first surface 
of the sphere. In like manner draw R' r' for the refracted 
ray corresponding to H' R'. 

If we continue the rays R r, R' r', they will meet the axis 
at £, which will be the focus of parallel rays for a single con- 
vex surface RPR'; and^iie food distance P £ may be found 
by the following rule. 

Rule fi>r finding the principal focus of a single convex 
surface. Divide the index of refraction by its excess above 
unity, and the quotient will be the principal focal distance, 
P E; the radius of the surface, or C R, being 1. If C R is 
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given in inches, then we have to multij^y the result fay tfaat 
number of inches. When the surface is that of glass, of which 
the index of refraction is 1'5, then the ibcal distance, P E, will 
always be equal to thrice the radios, C R. 

Round r as a centre, with a radius equal to R H, describe 
the circle D' b' A, and, by the method formerly explained, find 
a point b' in the circle, such that b' n', the sme of the angle 
of refraction b' r n', is 1*500 or 1^ on the same scale on which 
A m', the sine of the angle of incidence, is 1 part, and rb'F 
will be the ray refracted at the second surface. In the same 
manner we shall find r' F to be the refi^icted ray correspond- 
ing to the incident ray R' r*, P being the point where r b' cuts 
tlie axis G £. Hence the point F will be the focus of parol' 
lei rays for the sphere of glass M N. 

If diverging rays fill upon the points R, R', it is quite 
clear, from the inspection of the figure, that their locus will 
be on some pomt or the axis G F more remote frcmi the sphere 
than F, the distance of their focus increasing as the radiant 
point from which they diverge approaches to the sphere. 
When the radiant point is as far before the sphere as F is be- 
hind it, then the rays will be refracted into parallel directions, 
and the focus will be infinitely distant Thus, if we suppose 
the rays F r, F r' to diverge from F, then they will emerge 
after refraction in the parallel directions R H, K' H'. 

If converging rays fall upon the points R R', it is equally 
manifest that their focus will bo at some point of the axis, 
G F, nearer the sphere than its principal focus F ; and their 
cnnvergency may be so great that their focus will fall within 
the sphere. All these truths may be rendered more obvious, 
and would be more deeply impressed upon the mind, by tracing 
rays of different* degrees of divergency and convergency 
through the sphere, by the methods lUready so folly explained. 
(42.) In cwder to form an idea of the efiect of a sphere 
made of substances of difierent refractive powers,- in bringing "" 
parallel rays to a focus, let us suppose the sphere to have a 
radius of one inch, and let the focus F be determined as in Jig, 
28., when the substances are, 

t Index or Dtatuo*. r Q. oT th« 

SefneUoii. VnciM tnm the 8|<ben. 

Tabasheer - I'll 145 - 4 Inches. 

Water - 1-3358 - 1 — 

Glass - 1-500 - i — 

Zircon - 2-000 - — 

Hence we find that in tabasheer the distance F Q is 4 inches} 
m water, 1 inch; in glass, half an inch; and in zircon, nothing; 
that is, r and F coincide with Q, after a single refraction at R. 
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When the index of refraction is greater than 2*000, as in 
diamo^ and several other substances, the ray of light R r 
will cross the axis at a point somewhere between C and Q. 
Under certain circumstances the ray R r will suffer total re- 
flexion at r, towards another part of the sphere, where it will 
again suffer total reflexion, being carried round the circum- 
ference of the sphere, without the power of making its escape, 
till the ray is lost hy absorption. Now, as this is true "of every 
possible section of the sphere, every such ray, R r, incident 
upon it in a circle equidistant from the axis, G F, will sufier 
similar reflexions. 

Rule for finding the focus F of a sphere. The distance 
of the focus, F, from the centre, C, of any sphere may be thus 
found. Divide the index of refraction by twice its excess 
above 1, and the quotient is the distance, C F, in radii of the 
sphere. If the radius of the sphere is 1 inch, and its refrac- 
tive power 1-500, we shall have C F equal to 1^ inches, and 
Q F equal to half an inch. 

Refraction of Light through Convex and Concave Surfaces, 

(43.) The method of tracing the progress of a ray which 
enters a convex surface, is shown iajfig, 26. for the ray H R, 
and of tracing one entering a concave surface of a rare me- 
dium, or quitting a convex surface of a dense one, is shown 
for the ray R r, in the same figure. 

When the ray enters the concave surface of a dense me- 
dium, or quits a similar surface, and enters the convex surface 
of a rare medium, the method of tracing its progress is shown 
in Jig. 27., where M N is a dense medium (suppose glass) 




F<^ 



with two concave surfaces, or a thick concave lens. Let C, C 
be the centres of the two surfeces lying in the axis C C', and 
H R, H' R' parallel rays incident on the first surfiice. As C R 
is perpjendicular to the sur&ce at R, H R C will be the angle 
of incidence; and if a circle is described with a radius 
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R A, A m will be the sine of that angle. From a scale on 
which A m is 1-500, take in the compasses 1, and find some 
point, 6, in the circle where, when one loot of the compasses 
IS placed, the other will fall only on one point, n, of the per- 
pendicular C R: the line R,b drawn through this point will 
be the refiracted my. By continuing this ray b R backwards, 
it will be found that it meets the axis at F. In like manner 
it will be sefen thkt the ray H' R' will be refracted in the di- 
rection R' r', as if it also diverged from F. Hence F will be 
the virtual focus of parallel rays refracted by a single concave 
surface, and may be found by the following rule. 

Rule farfiriainff the principBl focus of a single concave 
surface. Divide ue index of refraction by its excess above 
unity, and the quotient will be the principal focal distance 
F Ev the radius of the surface,. or C E, being 1. If the radius 
C E is ffiven in inches, we have only to multiply £ F, thus 
obtained by that number of inches, to have the value of F E 
in inches. 

If, by ^ similar method, we find the refracted ray r cl at the 
emergence of the ray r 6 from the second surface r r' of the 
lens, and continue it backwards, it will be found to meet the 
axis at /; so that the divergent rays R r, R' r' are rendered 
still more divergent by the second surface, and /will be the 
focus of the lens M jSf. 

Refraction of Light through Convex Lenses. 

(44). Parallel rays. Rays of light falling upon a convex 
lens parallel to its axis are refracted in precisely the same 
manner as those which fall upon a sphere ; and the refracted 
ray may be found by the very same methods. But as a sphere 
has an^axis in every possible direction, every incident rav 
must be puullel to an axis of it; whereas, in a lens which 
has only one axis, many of the incident rays must be oblique 
to that axis. In every case, whether of spheres or lenses, all 
the rays that pass along the axis sufiTer no refiraction, because 
the axis is always perpendicular to the refracting surfe,ce. 

When parallel rays, R L, R C, R L, j«^. 2a, faU upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will paas through without sa& 
fering any refiraction, but the other rays, R L, R L, will be 
refracted at each of the surfiu;es of the lens ; and the refract- 
ed rays corresponding to them, viz. L F, L F, will be found, 
by the method already 'given, to meet at some point, F, in the 
txi& 

When the rays are oblique to the axis, an S L, S L, T L, 
D2 
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Fig' 2^ 




T L, the rays S C, T C, which pass through the centre, C, of 
the lens, will suffer refraction at each surrace ; but as the two 
refractions are equal, and in opposite directions, the finally re- 
fracted rays C/, C/' will be parallel to S C, T C. Hence, in 
considering oblique rays, such as S L, T L, we may regard 
lines S^ T/' passing through the centre, C, of the lens as the 
directions of the refracted rays corresponding to S C, T C. By 
the methods already explained, it will be found that S L, S L will 
be refracted to a common point, yj in the direction of the cen- 
tral ray S/, and T L, T L, to the point/'. The focal distance 
F C, or /"C, may be found numerically by the following rule, 
when the thickness of the lens is so small that it may be 
neglected. 

RvLE for finding the principal focus, or the focus of parol' 
lei rays, for a glass lens unequally convex. Multiply the 
radius of the one sur&ce by the radius of the other, and divide 
twiqe this product by the sum of the same radii. 

When the leas is of fiflass and equally convex, the focal dis- 
tance will be equal to the radius. 

Rule fiir the principal focus of a plano-convex lens of 
glass. With either side of the lens turned to parallel rays, 
the distance of the focus, when the lens is thin, will be equal 
to twice the radius of the convex sur&cc. 

(45.) Diverging rays. When diverging rays, R L, R L, 
fig, 29., radiatmg from the point R, fall upon the double con- 
vex lens L L, whose principal focus is at O and 0', their focus 
will be at some point F more remote than O. If R approachcn 
to L L, the focus F will recede from L L. When R cornea 
to P, so that P C is equal to twice the principal focal distance 
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fig. 29. 




C O, the focus F will be at P' as fer behind the lens as the 
radiant point P is before it When R comes to O', the focus 
P will be infinitely distant, or the rays L F, L F will be par- 
allel ; and when R is between O' and C, the refracted rays 
will diverge and have a virtual focus before the lens. The 
focus F of a glass lens, when the thickness is small, will be 
found by the following rule. 

RviaB for finding the focus of a c&nvex lens for diverging 
rays. Multiply twice the product of the radii of the two sur- 
faces of the lens by the distance, R C, of the radiant point, 
for a dividend. Multiply the sum of the two radii by the 
same distance RC, andlrom this product subtract twice the 
product of the radii, for a divisor. Divide the above dividend 
by theilivisor, and the quotient will be the focal distance, C F, 
required. 

If the lens is equally convex, the rule will be this. Multi- 
ply the distance of the radiant point, or R C, by the radius of 
the surges, and divide that product by the difference between 
the same distance and the. radius, and the quotient will be the 
focal length, C F, required. 

When the lens is plano-convex, divide twice the product of 
the distance of the radiant point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus from the centre 
of the lens. ^ 

(46.) For converging rays. When rays, R L, R L, con- 
verging to a point ^^^. 30., fall upon a convex lens L L, they 

Fig, 30. 




n ^ 



will be so re&acted as to converge to a point or focus F nearer 
the lens than its principal focus O. As the point of con- 
vttgenee/xecedes fiom the lens, the point F will also rece^ 
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from it towards O, which it just reachijs when the point/ be- 
comes infinitely distant When / approaches the lens, s^ 
also approaches it The focus F of a glass lens may be 
found when the thickness is small, by the following rule : — 

Rvui for finding the focus of converging rays. Multiply 
twice the product of the radii of the two surfaces of the lens 
by the distance /C of the point of convergence, for a divi- 
dend. Multiply the sum or the two radii by the same dis- 
tance/ C, and to this product add twice the product of the 
radii, for a divisor. Divide the above dividend by the divisor, 
and the quotient will be the focal distance C F required. 

If the lens is equally convex^ multiply the distance /C by 
the radius of the surface, and divide that product by the sum 
of the same distance and the radius, and the quotient will be 
the focal length F C required. 

When the lens is pUnuhconvex, divide twice the product 
of the distance / C multiplied by the radius by the sum of 
that distance and twice the radius, and the quotient will be 
the focal distance F C required. 

Refraction of Light through Concave Lenses^ 

(47.) Parallel rays. Let L L be a double concave lens, an J 

^31. 
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R L, R L parallel rays incident upon it ; these rays will di« 
verge after refraction in the directions L r, L r, as if tiiey 
radiated from a point F, which is the virtual focus of tiie len& 
The rule for finding F C is the same as for a convex lens. 
(48.) Diverging rays. When the lens L L receives the 

Fig. 3^ 




tftysRL,RLdiTergi]i|r firom R, they will be vefia^ted into 
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lines, L r, L r, diverging from a focua F, more remote from 
the lens than the principal focus O, and the focal distance, 
F C, will be found by the following rule :— 

RuuB for finding the focus of a concave lens of glass, for 
diverging rays. Multiply twice the product of the radii br 
the mstance, R C, of the radiant point for a dividend. Mul- 
tiply the sum of the radii by the distance R C, and add to this 
twice the product of the radii, fi>r a divisor. Divide the^divi* 
dend by the divisor, and the quotient will be the focal distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point by the radius, and divide 
the product by the sum of the same distance and the radius, 
and the quotient will be the focal distance. 

When the lens is plano-concave, multipljr twice the radius 
by the distance of the radiant point, and divide this product 
by the sum of the same distance and twice the radius; the 
quotient will be the focal distance. 

(49). Converging rays. When rays, R L, R L, fig. 83.t 

Fig. 23. >^ 




converging to a point f fall upon a concave lens, L L, they 
will be re&acted so as to have their virtual focus at F, and the 
distance F C will be found by the rule given for convex lenses. 
The rule for finding the focus of converging rays is exactly 
the same as that for diverging rays in a douUe convex len& 

When the lens is plano-concave, the rule for finding the 
focus of converging rays is the same as for diverging rays on 
a plano-convex lens. 

Refraction of Light through Meniscuses and Concavo-<xm- 
vex Lenses of Glass. 

(50.) The general efiect of a meniscus in refracting paral- 
lel, diverging, and converging rays, is the sam^ as that of a 
convex lens of the same focal length ; and the general effect 
of a concavo-convex lens is the same as that of a concave lens 
of the same focal length. 

RuLB ybr a meniscus with parallel rays. Divide twice the 
product of the two radii by their difference, and the quotient 
will be the focal distance required. 
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Rule ybr a meniscus with diverging rays. Multiply twice 
the distaace of the radiant point by the product of the two 
radii for a dividend. Multiply the difference between the two . 
radii by the same distance of tlie radiant point, and from this 
product take twice the product of the radii for a divisor. Divide 
the above dividend by this divisor^ and the quotient will be the 
fi)cal distance required. ^ 

Xbe truth of the preceding rules and observations is ca- 
pable of being demonstrated mathematically ; but the reader 
who has not studied mathematics may obtain an ocular demon- 
stration of them, by projecting the rays and lenses in large 
diagrams, and determining the course of the rays after refrac- 
tion by the methods already described. We would recommend 
to him also to subnwt the rules and observations to the test of 
direct experiment with the lenses themselvea 



CHAP. V. 



CM THE FORMATION OF IBIAOE& BY LENSES, AN9 ON THEIR 
MAONIFTINO FOWER."" 

(51.) We have already described, in Chapter II., the prin- 
ciple of the formation of images by small apertures, and by 
the convergency of rays to foci by reflexion from mirrors. 
Images are formed, by refraction, hy lenses in the very same 
manner as they are formed,' by reflexion, in mirrors; and it is 
a universal rule, that when an image is formed by a convex 
Jens, it is inverted in position relatively to the position of tlie 
' object, and its magnitude is to that of the object as its distance 
from the lens is to the distance of the object from the lens. 

If M N is an oWect placed before a convex lens, L l^fig* 
34., every point of it will send forth rays in every direction. 
Those rays which fall upon the lens L L will be refracted to 
foci behind the lens, and at such distances from it as may be 
determined by the Rules in the last chapter. Since the focus 
where any point of the object is represented in its image is in 
the straight line drawn from that point of the object Sirough 
the middle pomt C of the lens, the upper end M of the object 
will be represented somewhere in the line M C m, and the 
lower'end N somewhere in the line N C n, tliat is, at the 

See, in the College edition, Appendix of Aoi. cd. chap. iv. 
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points nt, n, where tiie rays Lm, Lm, Ln, L» cron the lines 
M C fii, N C A. Hence m will represent the upper, and n the 
lower end of the object M N. It is also evident, that in the 



^^.34. 




two triangles M C N, m C ti, m n, the length of the image 
must be to M N the length of the object as C m, the distance 
of the image, is to C M, the distance of the object from the 
lens. 

We are enabled, therefore, by a lens, to form an image of 
an object at any distance behind the lens we please, greater 
than its principal focus, and to make this image as l^ge as 
we please, and in any proportion to the object In order to 
have the image large, we must bring the object near the lens, 
and in order to have it small, we must remove the object from 
the lens ; and these effects we can vary still feither, by using 
lenses of difierent focal lengths or distances. 

When the lenses have the same focus, we may increase the 
brightness of the image by increasing the size of the lens or 
the area of its surface. If a lens has ao area of 12 square 
inches, it will obviously intercept twi«e as many ra^s proceed- 
ing from every point of the object as if its area were onljr 6 
square inches; so that, when it is out of our power to in- 
crease the brightness of the object by illuminating it, we may 
always increase the brightness of the image by using a larger 
lens. 

(52.) Hitherto we have supposed the image m n to be re- 
ceived upon white paper, or stucco, or some smooth and white 
surface on which a picture of it is distinctly formed ; but if 
we receive it upon ground glass, or transparent paper, or upon 
a plate of glass one of whose sides is covered with a dried 
film of skimmed milk, and if we place our eye 6 or 8 inches 
or more behind this semi-transparent ground interposed at m n, 
we shall see the inverted image m n as distinctly as before. 
If we keep the eye m this position, and remove the semi- 
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ttuisparent ground, we shall see an image in the air distinctly 
ana more bright than before. The cause of this will be readily 
understood, S we consider that all the rays which fonn by 
their convergence the points m, n of the image m n, cross one 
another at m, n, and diverge from these points exactly in the 
same manner as they would do from a real object of the same 
size and brightness placed in m n. The unage m n therefore 
of any object' may be regarded as a new object; and by 
placing another lens behind it, another image of the image 
m n would be formed, exactly of the same size and in the 
same place as it would have been had m n been a real object 
But since the new image of m n must be inverted, this new 
image will now be an erect image of the object M N, obtained 
by me aid of two lenses ; so that, by using one or more lenses, 
we can obtain direct or inverted images of any object at plea- 
sure. If the object M N is a movable one, and within our 
reach, it is unnecessary to use two lenses to obtain an erect 
image of it : we have only to turn it upside down, and we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.) In order to explain the power of lenses in magnifying 
objects and bringing them near us, or rather in giving mag- 
nified images of objects, and bringing the images near us, 
we must examine the different circumstances under which 
the same object appears when placed at different distances 
from the eye. If an eye placed at E looks at a man a 6, ^. 
35., placed at a distance, his general outline only will be seen, 




and neither his age, nor his features, nor his dress wul ne re- 
cognized. When he is brought gradually nearer to us, we dis- 
cover the separate parts of his dress, till at the distance of a 
few feet we perceive his features; and when brought still 
nearer, we can count his very eye-lashes, and observe the 
minutest lines upon his skin. At the distance E 6 the man 
is seen under the angle bEa, and at tlie distance £ B he is 
seen under the greater angle B E A or 6 E A', and his appa-' 
rent magnitudes, a b, A' 6, are measured in tliose different 
positions by the angles 6 E a, BEA, or 6 E A'. . The appa- 
rent magnitude of toe smallest object may, therefore, be equal 
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to the apparent magnitade of the greatest. The head of a 
pin, for example, may be brought so near the eye that it will 
appear to cover a whole mountain, or jeven the whole visible 
surface of the earth, and in this case the apparent magnitude 
of the pin*s head is said to be equal to the apparent magnitude 
of the mountain, &c. 

Let us now suppose the man a fr to be placed at the dis- 
tance of 100 feet from the eye at £, and that we place a con- 
vex glass of 25 feet focal distance, half-way between the ob- 
ject a b and the eye, that is 50 feet from each ; then, as we 
have previously shown, an inverted image of the man will be 
formed 50 feet behind the lens, and of the very same size as 
the object, that is, six feet high. If this object is looked at 
by the eye, placed 6 or 8 inches behind it, it will be seen ex- 
ceedingly distinct, and nearly as well as if the man had been 
brought nearer from the distance <^ 100 feet to the distance 
of 6 inches, at which we can examine minutely the details 
of his personal appearance. Now, in this case, the man, 
though not actually magnified, has been apparently magni- 
fied, because his apparent magnitude is greatly increased, in 
the proportion nearly of 6 inches to 100 feet, or of 200 to 1. 

But if, instead of a lens of 25 feet focal length, we make 
use of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate focvmay ba 
at the distance of 20 and 80 feet from the lens, that is, that 
the man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this magnified 
image will see it with the greatest distinctness. Now in 
this case the image is magnified 4 times directly 1^ the lens, 
and 200 times by being brought 200 times nearer the eye ; 
80 that i^ apparent magnitude will be 800 times as large as 
before. 

If, on the other hand, we 'use a lens of a still smaller focal 
length, and place jt in such a position between the eye and 
the man, that its conjugate foci may be at the distance of 75 
and 25 feet from the lens, that is, that the man is 75 feet be- 
fore the lens, and his image 25 feet behind it, then the size of 
the image will be only one third of the size of the object ; 
but though th»> image is thus diminished three times in size, 
yet its apparent magnitude is increased 200 times by bein^ 
brought withm 6 inches of the eye, so that it is still magni- 
fied, or its apparent magnitude is increased ^|®, or 67 times, 
nearly. 

At distances less than the preceding, where the focal 
length of the lens forms a considerable part of the whole dis- 
E 
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tance, the rule for finding the magnifying power of a lens, 
when the ey« views, at the distance of 6 inches, the image 
formed by the lens, is as follows. From the distance betwe^i 
the image and the object in feet, subtract the focal distance 
of the lens in feet, and divide the remainder by the same focal 
distance. By this quotient divide twice the distance of the 
object in feet, and the new quotient will be the magni^ing 
power, or the number of times that the apparent magnitude 
of the object is increased. 

When the focal length of the lens is quite inconsiderable, 
compared with the distance of the object, as it is in most 
cases, the rule becomes this. Divide the focal length of the 
lens by the distance at which the eye looks at the image ; or, 
as the eye will generally look at it at the distance of 6 inches, 
in order to see it most distinctly, divide the focal length by .6 
inches; or, what is the same thing, double the focal length, in 
feet, and the result will be the magni^ing power. 

(54.) Here, then, we have the principle of the simplest 
telescope ; which consists of a lens, whose focal lengtli ex- 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater than the focal length of the 
len3. When the eye is placed at the other end of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to the focal lengSi of the lens. If the lens has a 
focal length of 10 or 12 feet, the magnifying power will be 
from 20 to 24 times, and the satellites of Jupiter will be dis- 
tinctly seen through this single lens telescope. To a very 
short-sighted person, who sees objects distinctly at a distance 
of three inches, the magnifying power would be from 40 to 48. 

A single concave mirror is, upon the same principle, a re- 
^fleeting ielescope, for it is of no consequence whether the 
image of the object is formed by refraction or reflexion. In 
this case, however, the image m n. Jig, 14., cannot be looked 
at without standing in the wayof the object ; but if the re- 
flection, is made a little obliquely, or if the mirror is sufficiently 
large, so as not to intercept all the light from the object, it may 
be employed as a telescope. By using his great mirror, 4 feet 
in diameter and 40 feet in focal length, in the way now men 
tioned. Dr. Herschel discovered one of the satellites of Saturn. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of those which are within 
our reach, which is of great importance in optics. It will be 
proved, when we come to treat of vision, that a good eye sees 
the visible outline of an object very distinctly when it is 
placed at a great distance, and that, by a particular power in 
tlie eye, we can accommodate it to perceive objects at diflferr 
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ent distances. Hence, in order to obtain distinct vision of 
any object, we have only to cause the rays which proceed 
from it to enter the eye in parallel lines, as if the object 
itself was very distant Now, if we bring an object, or the 
image of an object, very near to the eye, so as to ff ive it great 
apparent magnitude, it becomes indistinct ; but if we can, by 
any contrivance, make the r&ys which proceed from it enter 
the eye nearly parallel, we shall necessarily see it distinctly. 
But we have already shown that when rays diverge from the 
fecus of anv lens, they will emerge from it parallel. If we, 
therefore, place an object, or an image of one, in the focus of 
a lens held close to the eye, and having a small focal distance, 
the rays will enter the eye parallel, and we shall see the ob- 
ject very distinctly, as it will be magnified in the proportion 
of its present short distance from the eye to tlie distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length of the lens, so 
that the magnifying power produced by the lens will be equal 
to six inches divid^ by the focal length of the lens. A lens 
thus used to look at or magnify any object is a single micros 
scope ; and when such a lens is used to magnify the magnifi- 
ed image* produced by another lens, the two lenses together 
constitute a eomfimnd microscope. 

When such a lens is used to magnify the image produced 
in the single lens telescope from a distant object, the two 
lenses together constitute what is called the astronomical re^ 
Jracting telescope; and when it is used to magnify tlie 
image produced by a concave mirror from a distant object, the 
two constitute a reflecting telescope, such as that used by Le 
Maire and Herschel : and when it is used to magnify an en- 
larged image, M N, fg. 14., produced from an object m n, 
placed before a concave mirror, the two constitute a refect' 
ing microscope. All these instruments will be more fully 
described in a future chapter.' 



CHAP. VI. 

SPHERICAL ABERRATION OF LENSES AND MIRRORS.* 

(55.) In the preceding chap^rs we have supposed that the 
rays retracted at spherical surfaces meet exactly in a focus; 
but this is by no means strictly true : and if the reader has in 
any on«jiiase projected the rays by the methods described, ho 

* For a discussion of these subject*, see (in the college edition) the Ap- 
pendix of Am. ed. chap. v. v. 
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must have seen that the rays nearest the axis of a spherical 
surface, or of a lens, are refracted to a focus more remote 
from the lens than those which are incident at a distance from 
the axis of the lena The rules which we have given for the 
foci of lenses and surfaces are true for rays very near tJie axis. 
In order to understand the cause of spherical aberration, let 
L L be a plano-convex lens one of whose surfaces is spherical, 
and let its plane surface L m L be turned towards paraJlel 
rays R L, R L. Let R' L', R' L' be rays very near the axis 
A F of the lens, and let F be their focus after refraction. Let 
R L, R L be parallel rays incident at the very margin of the 
lens, and it will be found by the method of projection that the 

- Fif. 36. 




corresponding refracted rays Lyj L/ will meet at a point/ 
much nearer the lens than F. In like manner intermediate 
rays between R L and R' L' will have their foci intermediate 
between /and F. Continue the rays L/ L/ till they meet 
at G and H a plane passing through F, and perpendicular to FA. 
The distance /F is callSi the longitudinal spherical aberra- 
tion, and G H the lateral spherical aberration of the lens. In 
a plano-convex lens placed like that in the figure, the longitu- 
dinal spherical aberration/F is no less than 4| times m n the 
thickness of the lens. It is obvious that such a lens cannot form 
a distinct picture of any object in its focus F. If it is exposed 
to the sun, the central part of the lens L' m L' whose focus is 
at F, will form a pretty bright image of the sun at F ; but aa 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays will, 
after arriving at those points, pass on to the plane G H, and 
Fi£^ 37 occupy a circle whose diameter is G H ; hence 
^' the image of the sun in the focus F will be a 

bright disc surrounded and rendered indistinct 
by a broad halo of light growing fainter and 
fainter from F to G and H. In like manner, 
every object seen through such a lens, and 
every image formed by it, will be rendered 
confused and indistinct by spherical aberration. 
These results may be illustrated e;Kperimentally by taking 
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a ring of black paper, and covering up the* outer parts of the 
fiice L L of the lens. This will^diminish the halo^G H, and 
the indistinctness of the image, and if we cover up aU the 
lens excepting a small part in the centre, the image will be- 
come perfectly distinct, though less bright than before, and tho 
focus will be at F. If, on the contrary, we cover up all the 
central part, and leave only a narrow ring at the circumfe- 
rence of th6 lens, we sHfeill have a very distinct image of the 
sun formed about yi 

(56.) If the reader will draw a very large diagram of a 
plano-convex and of a double convex lens, and determine the 
refracted rays at different distances from the axis where par- 
allel rays &11 on each of the surfaces of the lens, he will be 
able to verify the following results for fflass lenses. 

1. In a piano-convex lens, witli its plane side turned to par- 
allel ray^ as in fig. 36., that is, turned to distant objects if it is 
to form an image behind it, or turned to the eye if it is to be 
used in magnifying a near object, the spherical aberration will 
be 4^ times the thickness, or 4^ times m n. 

2. In a filano-convex lens^ with its convex side turned to- 
wards pandlel rays, the aberration is only l|\^th6 of its thick- 
ness. Id using a plano-convex lens, therefore, it should always 
be so placed that parallel rays either enter the convex surface 
or emerge from it. 

3. In a double convex lens with equal convexities, the aber- 
ration is l|4Jths of its thickness. 

4 In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a plano-convex lens in Rule 
1, if the side whose radius is 5 is turned towards parallel rays; 
and the same as the plano-convex lens in Rule 2, if the side 
whose radius is 2 is turned to parallel rays. 
5. The lens which has the least spherical aberration is a 
' double convex one, whose radii are as 1 to 6. When the face 
whose radius is 1 is turned towards parallel rays, the aberra- 
tion is only IpJ^ths of its thickness ; but when the side with 
the radius 6 is turned towards parallel rays, the Rl)erration is 
3j-^,i^ths of its thickness. 

These results are equally true of plano-concave and. double 
concave lenses. 

If we suppose the lens of least spherical aberration to have 
its aberration equal to 1, the aberrations of the other lenses 
will be as follows : — 

Best form, as in Rale 5 I'OOO 

Double convex or concave, with equal curvatures . 1*561 
Plano-convex or concave in best position, as in Rule 2. 1*093 
Plano-convex or concave in worst position, as in Rule 1. 4-206 
E2 
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(57.) As the central parts of the lens L L, j^.86., refract 
the rays tfja little, and the marginal parts too much, it is evi- 
dent that if we could increase the convexity at n and diminish 
it gradually towards L, we should remove the spherical aber- 
ration. But the ellipse and the hyperbola are curves of this 
kind, in which the curvature diminishes from n to L; and 
mathematicians have shown how spherical aberration may be 
entirely removed, by lenses whose sections are ellipses or hy- 
perbolas. This curious discovery we owe to Descartes. 

Fig.SB, 




If A L D L, for example, is., an ellipse whose greater axis 
A D is to the distance between its foci F,/ as the index of re- 
fraction is to unity, then parallel rays R L^ R L incident upon 
the elliptical surface L A L will be refracted by the single 
action of that surface into lines, which would meet exactly in 
the focus F, if there were no second surface intervening be- 
tween L A L and F. But as every useful lens must have two 
surfaces, we have only to describe a circle hah round F as a 
centre, for the second surface of the lens L L. As all the rays 
refracted at the suiiace L A L converge accurately to F, and 
as the circular surface L a L is perpendicular to every one of 
the refracted rays, all these rays will go on to F without suf- 
fering any rofraction at the circular surface. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose concave sur&ce is part of any spherical surface 
whose centre is in the ferther focus, will have no spherical 
aberration, and will refract parallel rays incident (m its convex 
surface to the farther focus. 

In like manner a concavo-convex lens, L L, whose concave 

Fisr- 39. 
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Mirface L A L is part of the ellipsoid A L D L, and whose 
convex surface 2 a / is a circle dee>cribed round the &rtber 
fecus of the ellipse, will cause f^iaJlel ray? R L, R L to di- 
verge in directions L r, L r, wjic'j when continued backwards 
will meet exactly in the fcc«i9 F, whion will be its virtual 
focus. 

If a plano-convex lens h^ j lU cJt^^UL surface. L A L, part 

h^g, 40. 




of a hyperboloid formed by the revolution of a hyperbola whose 
greater axis is to the distance between the foci as unity is to 
the index of refraction ; then parallel rays, R L, R L, falling 
perpendicularly on the plane surface will be refracted without 
aberration to the farther focus of the hyperboloid. The same 
property belongs to a plano^ioncave lens, having a similar 
nyperbolic surSice, and receiving parallel rays on its plane 
surface. 

A meniscus with spherical surfaces has the property of re- 
fracting all converging rays to its focus, if its first sur&ce is 

Fig. 41. 




convex, provided the distance of the pomt of converffence or 
divergence from the centre of the fet surfece is to the radius 
of the first surface as the index of refraction is to unity. 
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Thus, if M L L N is a meniscus, and R L, R L rays converg- 
ing to the point E, whose distance E C from the centre of the 
first surface L A L of the meniscus is to the radius C A or 
C L as the index of refraction is to unity, that is as 1*500 to 1, 
in glass ; then if F is the focus of the first surface, describe 
with any radius less than F A a circle M « N for. the second 
sur&ce of the lens. Now it will be found by projection that 
the rays R L, R L, whether near the axis A E or remote from 
it, will be refracted accurately to the focus F, and as all these 
rays fall perpendicularly on the second surface, they will 
still pass on without refraction to the focus F. In like manner 
it is obvious that rays F I^ P L diverging from F will be re- 
f acted into R Ij, R L, which diverge accurately from the vir- 
tual focus. 

When these properties of the ellipse and hjrperbola, and of 
the solids generated by their revolution, were first discovered, 
philosophers exerted all their ingenuity in grinding and polish- 
ing lenses with elliptical and hyperbolical surfaces, and various 
ingenious mechanical contrivances were proposed for this pur- 
pose. These, however, have not succeeded, and the practical 
difficulties which yet require to be overcome are so great, that 
lenses with spherical surfaces are the only ones now in use 
for optical instruments. 

But though we cannot remove or diminish the spherical 
aberration of single Jenses beyond ly Jgths of their thickness, 
yet by combining two or more lenses, and making opposite 
aberrations correct each other, we can remedy this defect to a 
very considerable extent in some cases, and in other cases re- 
move it altogether. 

(58.) Mr. Herschel has shown, that if two plano-convex 
4enses A B, C D, whose focal lengths are as 2*3 tol, are placed 
with their convex sides together, A B the least convex being 
next the eye when the combination is to be used as a micro- 
scope, the aberration will be only 0-248, or one fourth of that 
i!^, 42 of a single lens in its best form. 

Whon this lens is used to form an 
Ak ^C image, AB must be turned to the 

m A object If the focal lengths of the 

B^H two lenses are equal, the spherical 

^^^^■■__^f aberration will be 0603, or a little 
^ H more than one-half of a single lens 

■^1 N in its best fq^-m. 

V V Mr. Herschel has also shown that ^ 

-g" ^U the spherical aberration may be 

whoUy removed by combining a 
meniscus C D with a double convex lens A B, as Infifrg. 43. * 
dnd 44., the lens A B being turned to the eye when it is used 
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fi>r a microecope, and to the object when it is to be uaed fix 
fbnning images, or as a burning-glass. 

«i'.43. #1^44. 



1/ 




The following are the radii oi curvatore fixe these lenses, 
as computed by Mr. Herschel ; the finst supposes, as a condi- . 
tion, that the focal length of the compound lens shall be as 
near 10-000 as is consistent with correcting the aberration ; 
and the second, that the same focal length shall be the least 
possible : — 

fig. 43. FUr- 44. 

Focal length of the double convex ) , 2q.qqq i io<N)0 

Radius of its first or outer surface + 5*833 + 6*833 
Radius of its second surface . . — 35*000 — 35000 
Focal length of the meniscus C D -f 17*829 + 5*497 
Radius of its first surfece . . . -f 3*688 + 2*054 
Radius of its second surface . . + 6*291 + 8*128 
Focal length of the compound lens + 6*407 + 3*474 

Spherical Aberration of Mirrors. 

(59.) We l^ve already stated, that when parallel rays, A M, 
A N, are incident on a spherical mirror, M N, they are ro- 
iracted to the same focus, F, only when they are incident very 
near the axis, AD. If F is the focus of those very near the 

Fig. 45. 

M 



^ 



axis, such as A m, then the ^us of those more remote, such 
as A M, will be at / between F and D, and/F will be the 
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lonffltudinal spherical aberration, which will obviously increase 
with the diameter of the mirror wheii its curvature remains 
the same, and with the curvature when its diameter is con- 
stant The unages, therefore, formed by mirrors will be in- 
distinct, like those formed by spherical lenses, and the indis- 
tinctness will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, paraliel to its axis, A D, and another line, 
fM draWn from M to a fixed point, /, should always form 
equal angles with a line, C M, perpendicular to the curve 
M N, we should in this case have a surface which would re- 
flect parallel rays exactly to a focus /, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
therefore, if we could construct mirrors of such a form that 
their section M N is a parabola, they would have the mvalua^ 
bla property of reflecting parallel rays to a single focua 
When the curvature of the mirror is very small, opticians 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature is great, it has not yet been 
found practicable to give it this figure. 

In the same manner it may be shown„that when di^erginff 
rays fall upon a concave mirror of a spherical form, they WiU 
be reflected to difierent points of the axis ; and that if a sur- 
face could be formedwso that the incident and reflected rays 
should form equal angles with a line perpendicular to the sur- 
&ce at the point of incidence,, the reflected rays would all 
meet in a single point as their focus, A surface whose sec- 
tion is an ellipse has this property; and it may be proved 
that rays diverging from one focus of an ellipse will be re- 
flected accurately to the ot|ier focus. Hence in reflecting 
microscopes the mirror should be a portion of an ellipsoid ; 
the axis of the mirror being the axis of the elli^^id, and the 
object being placed in the focus nearest the mirror. 

On Caustic Curves formed by Reflexion and Refiraction.* 

(60.) Caustics formed by reflexion, — As the rays incident 
on diflTerent points of a reflecting surface at difierent distances 
from its axis are reflected to diflfereij^ foci in that axis, it is 
evident that the rays thus reflected must cros§ one another at 
particular points, and wherever the rays cross they will illu- 
minate the white ground on which they are received with 
twice as much light- a© falls on other parts of the ground. 
These luminous intersections form curve lines, called caiistic 
lines or caustic curves ; and their nature and form will, of 

* Sec (in the CoUejce edition) the Appendix of Am. ed. cliap. v. 
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course, vaxy with the aperture of the minor, uid the distance 
of the radiant point 

In order to explain their mode of formation and g^eneral 
properties, let M B N be a concave spherical mirror, fig. 46., 
whose centre is C, and whose focus for parallel and central 




rays is F. Let R M B be a diverging beam of light falling 
on the upper part, M B, of the mirror at the points 1, 2, 3, 4, 
Ax;. If we draw lines perpendicular to all these points from 
the centre C, and make the angles of reflexion equal to the 
angles of incidence, we shall obtain the directions and foci of 
all the reflected rays. The ray R 1, near the axis R B, will 
have its conjugate focus at /, between F and the centre C. 
The next ray, H 2, will cut the axis nearer F, and so on with 
all the rest, the foci advancing from y to B. By drawing all 
tlie reflected rays to these foci, they will be found to intersect 
one another as in the figure, and to form by their intersections 
the caustic curve M/. If the light had also been incident 
on the lower part of the mirror, a similar caustic shown by a 
dotted line would also have been formed between N and f. 
If we suppose, therefore, the point of incidence to move from 
M to B, the Conjugate fccus of any two contiguous rays^ or 
an infinitely slender pencil diverging from R, will move along 
the caustic from M to / 

Let us now suppose the convex surface M B N of the mir- 
ror to be polished, and the radiant point R to be placed as far 
to the right hand of B as it is now to the left, it will be found, 
by drawing the incident and reflected rays, that they will di- 
verge after reflexion; and that when contmued backwards 
tliev will intersect one another, and form an unaginary caustic 



60 



A TREATISE ON OPTICS. 



PART I 



situated behind the convex surface, and similar to the rea] 
caustic. 

If we suppose the convex mirror M B N to be completed 
round the same centre, C, as at M A N, and the pencil of 
rays still to radiate from R, they will ferm the imaginary 
caustic M/' N smaller than M/N, and uniting with it at 
the points M, N. 

I^t the radiant point R be now supposed to recede from 
the mirror M B N, the line Byj which is called tlie tangent 
of the real caustic M/N, will obviously diminish, because 
•the conjugate focus / will approach to F; and, for the same 
reason, the tangent A/' of the imaginary caustic will in- 
crease. When R becomes infinitely distant, and the incident 
rays parallel, the pomts f^f, called the cusps of the caustic, _ 
will both coincide with F and F', the principal feci, and will 
have the very sam& size and form. 

But if the radiant point R approaches to the mirror, the 
cusp / of the real caustic will approach to the centre C, and 
the tangent B / will increase, the cusp /' of the imaginary 
caustic will approach A^ and its tangent A/', will diminisli ; * 
and when the radiant point arrives at the circumference at A, 
the cusp/* will also arrive at A, and the imaginary caustic 
will disappear. At the same time, the cusp / of the real 
caustic will be a littie to the right of C, and its two opposite 
summits will meet in the radiant point at A. 

If we suppose the radiant point R now to enter within the 
circle A M B N, as shown in Jig, 47., so that R C is less than 

Jlf^, 47. 




R A, a remarkable double caustic will be formed, lliis 
caustic will consist of two short ones of the common kind, 
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ar, 6 r, having their common cu«> at r, and of two ^ 
branches, af,bfj which meet in a focus at f. When R C 5 
greater than R A, the curved branches that meet at ^ behind 
Uie mirror will diverge, and have a virtual focus within the 
mirror. When R coincides with F, a point half-way between 
A and C, and the virtual principal focus of the convex mirror 
MAN, these curved branches become parallel lines ; and 
when R coincides with the centre C, the caustics disappear, 
and all the li^ht is condensed into a single mathematical point 
at C, frpm which it again diverges, ani is again reflected to 
the same point 

In virtue of the principle on which these phenomena de- 
pend, a spherical mirror has, under certain circumstances, the 
paradoxical property of rendering rays diverging fn m a fixed 
point either parallel, diverging, or converging ; that is, if the 
radiant point is a little way within the principal focus of a 
mirror, so that rays very near the axis are reflected into par- 
allel lines, the rays which are incident still nearer the axis 
will be rendered diverging, and those incident fiurther from 
the axis will be rendered converging. This property may be 
distinctly exhibited by the projection of the reflected rays. 

Caustic curves are frequently seen in a very distinct and 
beautiful manner at the bottom of cylindrical vessels of china 
or earthenware that happen to be exposed to the lififht of the 
sun or of a candle, in these cases the rajrs generally fall too 
. obliquely on their cylindrical surface, owing to their depth ; 
but this depth may be removed, and the caustic curves beau- 
tifully displayed, by inserting a circular piece of card or 
white paper about an inch or so beneath their upper edge, or 
by filling them to that height with milk or any white and 
opaque fluid. 

, The following method, however, of ex- 
hibiting caustic curves I have found ex- 
ceedingly convenient and instructive. Take 
a piece of steel spring highly polished, such 
as a watch-spring, M N, fig, 48., and hav- 
ing bent it into a concave form as in the 
figure, f lace it vertically on its edge upon 
a piece of card or white pa|^r A S. Let 
it then be exposed either to the rays of 
the sun, or those of any other luminous 
body, taking care that the plane of the 
card or the paper passes nearly through 
the sun ; and tlie two caustic curves shown 
in the figure will be finely displayed. By 
varying the size of the spring, and bending 
F 
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it into curves of different shapes, all the variety of oaustics^ 
with their cusps and points of contrary flexure, will be finely 
exhibited. The steel majr be bent accurately into difierent 
curves by applying a portion of its breadth to the required 
curves drawn upon a piece of wood, and dither cut or burned 
sufficiently deep in the wood to allow the edge of the thin 
strip of metal to be inserted in it Gold or silver foil answers 
very well ; and when the light is strong, a thin strip of mica 
will also answer the purpose. The best substance of all, 
however, is a thin strip of polished silver. 

(61.) CatLstics formed by refraction. If we expose a 
globe of glass filled with water, or a solid spherical lens, or 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re^ 
ceive the refracted light on white paper held almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded by two bright caustics, like af and 
b f, Jig, 47., but placed behind the sphere, and forming a 
sharp cusp or angle at the point /, which is the focus of re- 
fracted rays. The production of these curves depends upon 
the intersection of rajrs, which, being incident on the sphere 
at difierent distances from the axis, are refracted to foci at dif- 
ferent points of the axis, and therefore cross one another. 
This result is so easily understood, and may be exhibited so 
clearly, by projecting the refracted rays, that it is unneces- 
sary to say any more on the subject 

Some of the phenomena of caustics produced by refraction 
may be illustrated experimentally in the following manner : — 
Take a shallow cylindrical vessel of lead, M N, two or three 
inches in diameter, and cut its upper margin, as shown in the 
figure, leaving two opposite projections, ac, bd, forming each 
about 10** or 15° of the whole circumference. Complete the 
chrcumference by cementing on the vessel two strips of mica, 
so as to substitute for the lead that has 
been removed two transparent cylin- 
drical surfaces. If this vessel is filled 
with water, or any other transparent 
fluid, and 'a piece of card or white 
paper, A B O D, is held almost paral- 
lel to the sur&ce of the water, and 
having ;t8 plane nearly passing 
through the sun or the candle, the caustics A F, D F will be 
finely displayed. By altering ^e curvature of the vessel, 
and that of the strips of mica, many interesting variations of 
the experiment may be made. 
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(62.) Physical Optics is that branch of the science which 
treats of the physical properties of light These properties 
are exhibited in the decomposition and recomposition of white 
light; in its decomposition by absorption ; in the inflexion or 
diffiraction of light ; in th^ colors of thick and thin plates ; and 
in the double refraction and polarization of light 



CHAP. VII. 

ON THE COLORS OF LIGHT, AND ITS DECOMPOSITION. 

(63.) In the preceding chapters we have regarded light as 
a simple substance, ail £e parts of which had the same index 
of refraction, and therefore suffered the same changes when 
acted upon by transparent media. This, however, is not its 
constituticMi. White light, as emitted from the sun or from 
anyjuminous body, is composed of seven different kinds of 
light, viz., redj orange^ yellow, green, blue, indigo, and violet; 
and this compound substance may be decomposed, or analyzed, 
or separated into its elementary parts, T)y two different pro- 
cesses, viz., by refrctction and absorption. 

The first of these processes was that which was employed 
by Sir Isaac Newton, who discovered the composition of white 
light Having admitted a beam of the sun's light, S H, 
through a small hole, H, in the window-shutter, E F, of a 
darkened room, it will go on in a straight line and form a 
round white spot at P. If we now interpose a prism, B A C, 
whose refracting angle is B A C, so that this beam of light 
may fall on its first surface CA, and emerge at the same 
angle from its second surface B A in the direction g G, and if 
we receive the refracted beam on the opposite wall, or rather 
on a white screen, M N, we should expect, from the principles 
already laid down, that the white beam which previously fell 
upon P would suffer only a change in its direction, and fall 
somewhere upon M N, forming there a round white spot ex- 
actly similar to that at P. But this is not the case. Instead 
of a white spot, there will be formed upon tlie screen M N an 
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oblong image K L of the sun, containing seven colors, viz. 
red, orange, yellow, green, blue, indigo^ and violet, the whole 
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wjaai '^ »'«ght diverging from its emerraice out of the prism 
at ^, an' being bound^ by the lines ^ K, g L. This length- 
eiHifi jrjage of the sun is called the solar spectrum, or the 
prinfftatic spectrum. If the aperture H is small, and the dis 
ton^e g G considerable, the colors of the spectrum will be very 
bright The lowest portion of it at L is a brilliant red. This 
led shades off by imperceptible gradations into orange, the 
orange into yellow, the yellow into green, the green into blue, 
the blue into a pure indigo, and the indigo into a violet. No 
lines are seen across the spectrum thus produced ; and it is 
extremely difficult for the sharpest eye to point out the bound- 
ary of the different colora Sir Isaac Newton, however, hy 
many trials, found the lengths of the colors to be as follows, 
in the kind of glass of which his prism was made. We have 
added the results obtained by Fraunhofer with flint glass. 



Red 45 56 

Orange 27 27 

Yellow 48 27 

Green 60 46 

Blue 60 48 

Indigo 40 47 

Violet 80 109 

Total length 360 360 
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These colors are not equally brilliant At the lower end, L, 
of the spectrum the red is comparatively feint, but grows 
brighter as it approaches the orange. tThe light increases 
ffnSually to the middle of the yellow space, where it is 
brightest; and from this it gradually declines to the upper or 
violet end, K, of the spectrum, where it is extremely mint 

(64.) Prom the phenomena which we have now described, 
Sir Isaac Newton concluded that the beam of white light, S, 
is compounded of light of seven different colors, and that for 
each of these different kinds of light, the glass, of which his 
prism was made, had different indices of refraction ; the index 
of refraction for the red light being the least, and that of the 
violet the greatest 

If the prism is made of croum glass, for example, the in- 
dices of refractinn for the different colored rays will be as fol- 
lows : — 



Red 1-5258 Bine 1-5360 

Orange 1-5268 Ihdigo IMll 

Yellow 1-5296 Violet 1-5466 

Green 1-5330 

If we now draw the prism, B A C, on a great scale, and de- 
termine the progress of the refracted rays, supposed to be in- 
cident upon the same point of the first surface C A, by using 
for each ray the index of refraction in the preceding table, we 
efeall find them to diverge as in the preceding figure, and to* 
form the different colors in the order of those in the spectrum. 

In order to examine each color separately. Sir Isaac made 
a hole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fall upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, was not drawn out into an oblong 
image as before, and was not refracted into any other colors. 
Hence he concluded that the light of each different color had 
the same index of refraction ; and he called such light hom<h 
geneouSf or simple, white light, being regarded as heteroge- 
neous or compound. This important doctrine is called the 
different refrangibility of the rays of light. The different 
colors as existing in the spectrum are called primary colors ; 
and any mixtures or combinations of any of them are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light, Sir Isaac also proved, experimentally, that all the 
seven colors, when again combined and made to fell upon the 
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oblong image K L c^ the sun, containing seven colors, viz. 
re<2, orange, yeUow, green, bltie, ifidigo^ and violet, the whole 

Fig. so. 




rjoaai -^ light diverging from its emergence out of the prism 
at ^, an' teing bounded by the lines gK,glj. This length- 
etunl jraage of the sun is called the solar spectrum, or the 
jtrinvtatic spectrum. If the aperture H is small, and the dis 
ton'.e g G considerable, the colors of the spectrum will be very 
br^hL The lowest portion of it at L is a brilliant red. This 
led shades off by imperceptible gradations into orange, tho 
orange into yellow, the yellow into green, the green into blue, 
the blue into a pure indigo, and tlie indigo into a violet. No 
lines are seen across the spectrum thus produced ; and it is 
extremely difficult for the sharpest eye to point out the bound- 
ary of the different colons. Sir Isaac Newton, however, hy 
many trials, found the lengths of the colors to be as follows, 
in the kind of fflass of which his prism was made. We have 
added the resuRs obtained by Fraunhofer with flint glass. 

BewtoB. rtanlMte 

Red 45 56 

Orange 27 27 

Yellow 48 27 

Green 60 46 

Blue 60 48 

Indigo 40 47 

Violet 80 109 

\ . ^^^^ 

Total length 360 360 
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These colors are not equally brilliant At the lower end, L, 
of the spectrum the red is comparativelv faint, but grows 
brighter as it approaches the orange. *The light ifacreases 
OTf^ually to the middle of the yellow space, where it is 
brightest; and from this it gradually declines to the upper or 
vicJet end, K, of the spectrum, where it is extremely faint. 

(64.) From the phenomena which we have now described, 
Sir Isaac Newton concluded that the beam of white light, S, 
is compounded of light of seven different colors, and that for 
each (u these different kinds of light, the glass, of which his 
prism was made, had difierent indices of refraction ; the index 
of refraction for the red light being the least, and that of the 
violet the greatest 

If the prism is made of croum glass^ for example, the in- 
dices of refraction for the different colored rays will be as fol- 
lows :— 



Red 1-5258 Bloe 1*5360 

Orange 15268 Ibdigo IMVt 

Yellow 1-5296 Violet 1-5466 

Green 1-5330 

If we now draw the prism, BA C, on a great scale, and de- 
termine the progress of the refracted rays, sup^K)sed to be in- 
cident upon the same point of the first surface C A, by using 
for each ray the index of refraction in the preceding table, we 
shall find them to diverge as in the preceding figure, and to**^ 
form the different colors in the order of those m the spectrum. 

In order to examine each color separately, Sir Isaac made 
a hole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fall upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, was not drawn out into an oblong 
image as before, and was not refracted into any other colors. 
Hence be concluded that the light of each difierent color had 
the same index of refraction ; and he called such light homih 
geneous, or simplCj white light, being regarded as heterogC' 
neous or compound. This important doctrine is called the 
different refrangibility of the rays 6f light. The diflferent 
cdors as existing in the spectrum are called primary colors ; 
and any mixtures or combuiations of any of them are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light, Sir Isaac also proved, experimentally, tiiat all the 
seven colors, when again combined and made to fall upon the 
F2 
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oblong image K L of the sun, containing seven colors, viz. 
red^ orange, yeUow, green, blue, indigo, and violet, the whole 

Fig. so. 
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rjoaai ili »''ght diverging from its emergence out of the prism 
at /[/, an* being bound^ by the lines g&, g L. This length- 
eiHiii irjage of the sun is called the solar spectrum, or the 
jtrinvMtic spectrum. If the aperture H is small, and the dis 
ton^e g G considerable, the colors of the spectrum will be very 
Jirlght The lowest portion of it at L is a brilliant red. This 
led shades off by imperceptible gradations into orange, the 
orange into yellow, the yellow into^cen, the green into blue, 
the blue into a pure indigo, and tlie indigo into a violet. No 
lines are seen across the spectrum thus produced ; and it is 
extremely difficult for the sharpest eye to point out the bound- 
ary of the different colors. Sir Isaisic Newton, however, by 
many trials, found the lengths of the colors to be as follows, 
in the kind of glass of which his prism was made. We have 
added the results obtamed by Fraunhofer with flint glass. 



Red 45 

Orange 27 

Yellow 48 

Green 60 

Blue 60 

Indigo 40 

Violet 80 



56 
27 
27 
46 
48 
47 
109 



Total length 360 360 
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These colors are not equally brilliant At the lower end, L, 
of the spectrum the red is comparatively faint, but grows 
brighter as it approaches the orange. ^The light increases 
gwSually to the middle of the yellow space, where it is 
brightest; and from this it gradually declines to the upper or 
violet end, K, of the spectrum, where it is extremely mint 

(64.) From the phenomena which we have now described, 
Sir Isaac Newton concluded that the beam of white light, S, 
is compounded of light of seven different colors, and that for 
each of these different kinds of light, the glass, of which his 
prism was made, had different indices of refraction ; the index 
of refraction for the red light being the least, and that of the 
violet the greatest 

If the prism is made of croton glass, for example, the in- 
dices of refraction for the different colored rays will be as fol- 
lows : — 



Red 1-5258 Blue 1-5360 

Orange 15268 Ilidigo 1.5417 

Yellow 1-5296 Violet 1-5466 

Green 1-5330 

If we now draw the prism, B A C, on a great scale, and de- 
termine the progress of the refracted rays, supposed to be in- 
cident upon the same point of the first surface C A, by using 
for each ray the index of refraction in the preceding table, we 
shall find them to diverge as in the preceding figure, and to* 
form the different colors in the order of those in the spectrum. 

In order to examine each color separately, Sir Isaac made 
a hole in the screen M N, opposite the centre of each colored 
space; and he allowed that particular color to fall upon a 
second prism, placed behind the hole. This light, when re- 
fracted by the second prism, was not drawn out into an oblong 
image as before, and was not refracted into any other colors. 
Hence he concluded that the light of each different color had 
the same index of refraction ; and he called such light hom(h 
geneous, or simpley white light, being regarded as heteroge-' 
neous or compound. This important doctrine is called the 
different refrangibility of the rays 6f light The diflferent 
colors as existing in the spectrum are called primary colors ; 
and any mixtures or combmations of any of them are called 
secondary colors, because we can easily separate them into 
their primary colors by refraction through the prism. 

(65.) Having thus clearly established the composition of 
white light, Sir Isaac also proved, experimentally, uiat all the 
seven colors, when again combined and made to fall upon the 
F2 
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same spot, fonned or recoinposed white light This important 
truth he established by various experiments ; but the following 
method of proving it is so satisfactory, that no farther evidence 
seems to be wanted. Let the screen M Nfjig, 50., which re- 
ceives the spectrum, be gradually brought nearer the prism 
BAG, the spectrum K L will gradually diminish ; but though 
the colors begin to mix, and. encroach upon one another, yet, 
even when it is brought close to the. lace B A of the prism, we 
shall recognize the separation of the light into its component 
colors. If we now*!ake a prism, B a A, shown by dotted lines, 
made of the same kind of glass as B A C, and having its re- 
fracting angle A B a exactly equal to the refracting angle 
BA C of the other prism ; and if we place it in the opposite 
direction, we shall find that all the seTen differently colored 
rays which fall upon the second prism, A B a, are again com- 
bined into a single beam of white light ^ P, forming a white 
circular spot at P, as if neither of the prisms had been inter- 
posed. The very same effect will be produced, even if the 
surfaces, A B, of the two prisms are joined by a transparent 
cement of the same refractive power as the glass, so as to re- 
move entirely the refractions at the common surface A B. In 
this state the two prisms combined are nothing more than a 
thick piece of glass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by the re- 
fraction of the first surface, A C, is counteracted by the oppo- 
site and equal refraction of the second surface, a B ; that is, 
the light decomposed by the first surface is recomposed by the 
second surface. The refi*action and re-union of the rays in 
this experiment may be well exhibited by placing a thick plate 
of oil of cassia between two parallel plates of ^lass, and 
making a narrow beam of the sun's light fall upon it very ob- 
liquely. The spectrum formed by the action of the first sur- 
face will be distinctly visible, and the re-union of the colors 
by the second will be equally distinct We may, therefore, 
consider the action of a plate of parallel glass on the sun*8 
rays, that is, its property of transmitting them colorless^ as a 
sufficient proof of the recomposition of light 

The same doctrine may be illustrated experimentally by 
mixing together seven different powders having the same 
colors as uose of the spectrum, taking as much of each as 
seems to be proportional to the rays in each colored space. 
*The unbn of these colors will be a sort of grayish-white, be- 
cause it is impossible to obtain powders of me proper colorSi 
The same result will be obtained, if we take a circle of paper 
tod divide it into sectors of the same size as the col(^ 
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flpares; and when this circle is made to revolve rapidly, the 
effect of all the colors when combined will be -a grayish- white. 

Decomposition of Light by Absorption, 

(66.) If we measure the quantity of light which is reflected 
from the sur&ces and transmitted through the substance of 
transparent bodies, we shall find that the sum of tliese quun- 
tities is always less than the quantity of light which falls 
upon the body. Hence we may conclude that a certain por- 
tion of li^ht is lost in passing through the most transparent 
bodies. This loss arises from two causea A part of the light 
is scattered in all directions by irregular reflexion from the 
imperfectly polished surface of*^ particular media, or from the 
imperfect union of its parts ; while another, and generally a 
greater portion, is absorbed^ or stopped by the particles of the 
body. Colored fluids, such as black and re^ ink, though 
equally homogeneous, stop or absorb different kinds of rays, 
and when exposed to the sun they become heated in different 
degrees; while pure water seems to transmit all the rays 
equally,* and scarcely receives any heat from the passing light 
of the sun. 

When we examine more minutely the action of colored 
glasses and colored fluids in absorbinff light, many remarkable 
phenomena present themselves, which throyv much light upon 
this curious subject. 

If we take a piece of blue ^lass, lik^ that generally used 
for flnger glasses, and transmit through it a beam of white 
light, the light will be a fine deep blue. This blue is not a 
simple homogeneous color, like the blue or indigo of the spec- 
trum, but is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the glass 
has absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form white light 
In order to determine what these colors are, let us transmit 
through the blue glass the prismatic spectrum K L, fig, 50. ; 
or, what is the same thing, let the observer place his eye be- 
hind the prism BAG, and look through it at the sun, or 
rather at a circular aperture made in the windcw-shutter of 
a dark room. He will then see through the prism the spec- 
trum K L as &r below the aperture as it was above the spot P 
when fidiown in the screen. Let the blue glass be now mter- 
poeed between the eye and the prism, and a remarkable spec- 
trum will be seen, deficient in a certain number of its difler- 

• See Note IL, of Ajd. ad., wbich foUowa tbe aatbor's Appendix. 
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ently colored rays. A particular thickness absorbs the middle 
of the red space, the whole of the orange, a great part of tiie 
green, a considerable part of the blue, a little of the indigo, 
and very little of the violet The yellow space, which has 
not been much absorbed, has increased in breadth. It occu- 
pies part of the space formerly covered by the orange on one 
side, and part of the space formerly covered by the green on 
the other. Hence it follows, tbat the blue glass has absorbed 
the red light, which, when mixed with thfe yellow light, con- 
stituted orange^ and has absorbed also the blue light, which, 
when mixed with the yellow, constituted the part of .the 
green space next to the fellow. We have therefore, by ab- 
sorption, decomposed green light into yellow and blue, and 
orange light into yellow and red ; and it consequently tbllows, 
that the orange and green rays of the spectrum, though they 
cannot be decomposed by prismatic refraction, can be decom- 
posed by absorption, and actually consist of two different 
colors possessing the same degree of refrangibility. Differ* 
ence of color is therefore not a test of difference of refrangi^ 
bUity, and the conclusion deduced by Newton is no longer 
admissible as a general truth : *♦ That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs tlie same degree of refrangibility." 

With the view of obtaining a complete analysis of the spec- 
trum, I have examined t>ie spectra produced by various bodies, 
and the changes which they under^ by absorption when 
viewed through various colored media, and I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from tliese observations, which it would be out of place 
here to detail, I conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a yellow 
spectrum, and a blue spectrum. The primary red spectrum 
has its maximum of intensity about tlie middle of the red 
space in the solar Spectrum, the primary yellow spectrum has 
its maximum in the middle or the yellow space, and the 
primary blue spectrum has its maximum between the blue 
and the indigo space. The two minuna of each of the three 
primary spectra coincide at the two extremities of the solat 
spectrum. 

From this view of the constitution of the solar spectrum 
»we may draw the following conclusions : — 

1. Redy yeUoWf and blue light exist at every point of th^ 
solar spectrum. 

2. As a certain portion of red, yeUow, and blue constitnte 
white light, the color of every point of the spectrum may be 
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considered as consisting of the predominating color at any 
point mixed with white light In the red space there is more 
red than is necessary to nmke white light with the small por^ 
tions of yellow and hlue which exist there ; in the yellow 
f^nce there is more yellow than is necessary to make white 
li^ht with the red and blae ; and in the part of the blue space 
¥mich appears violet there is more red than yellow, and 
hence the excess of red forms a violet with the blue. 

3. By absorhmg the excess of any color at any point of the 
spectrum above what is necessary to form white li^ht, we 
may actuaUy cause white light to ai^>ear at that pomt, and 
this white light will possess the remarkable property of re- 
maining white after any number of refractions, and of being 
decomposable only by absorption. Such a white light I have 
succeeded in developing in different parts of the spectrum. 
These views harmonize in a remarkable manner with the 
hvpothesis of three colors, which has been adopted by many 
philosophers, and which others had rejected from its income 
patibility with the phenomena of the spectrum. 

The existence or three primary colors in the spectrum, and 
the mode in which they produce by their combination the 
seven secondary or compound colors which are developed by 
the prism, will be understood from fig, 51. where M Wis the 
prismatic spectrum, consisting of three primary spectra of the 
same lengths, M N, viz. a re^ a yellow^ and a blue spectrum. 
The red spectrum has its maximum intensity at R; and this 
' intensity may be represented by the distance of the point R 
from MN. The intensity declmes rapidly to M and slowly 
to N, at both of which points it vanishes. The yeUow speo- 




trum hsfc its maximum intensity at Y, the intensity declining to 
zero at M and N ; and the blue has its maximum intensity at 
B, declining to nothing at M and N. The general curve 
which represents the total illumination at any point will be 
outside of these three curves, and its ordinate at any point 
will be equal to the sum of the three ordinates at the same 
point Thus the ordinate of the general curve at the yoini Y 
will be equal to the ordinate of Sie yellow curve, which we 
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may suppose to be 10, added to that of tJie red curve, whicb 
may be 2, and that of the blue, which may be 1. Hence the 
general wdinate will be 13. Now, if we suppose that 3 part* 
of yellow, 2 of red, and 1 of blue make white, we shall havfe 
the color at Y equal to 3 + 2 -f 1, equal to 6 parts of whit* 
mixed with 7 parts of yellow ; that is, the compound tiM ba 
Y will be a bright yellow without any trace of red or WueT. 
As these colors all occupy the same place in the spectrum,- 
they cannot be separated by the prism ; and if we could find 
a colored glass which would absorb 7 parts of the yellow, we 
should obtain at the point Y a white light which tile prisi» 
could not decompose.* 



CHAP. vin. 

ON THE DIBPEBaiON OF LIGHT. 

In the preceding observations, we have considered .the pri^ 
matic spCKctrum, K l^fig* 50., as produced by a prism cf glasR 
having a given refracting angle, B AC. The green ray, oi 
g G, which, being midway between g K and ^ !•, is called 
the mean ray of the spectrum, has been refracted from P tc 
G, or through an angle of deviation, P g" G, w^hich is called 
the mean refraction or deviation, produced by the prism. If 
we now increase the angle B A C of the prism, we shall in- 
crease the refraction. The mean ray g G will be refracted 
to a greater distance from P, and the extreme rays ^ L, ^ K, 
to a greater distance in the same proportion ; that is, if g G 
is refracted twice as much, g L and g K will also be refracted 
twice as much, and consequently the length of the spectrum 
K L will be twice as great For the same reason, if we 
diminish the angle B A C of the prism, the mean refraction 
and the spectrum will diminish in the same proportion ; but, 
whatever be the angle of the prism, the length K L will al- 
ways bear the same proportion to G P, the mean refraction. 

Sir Isaac Newton supposed that prisms made of all sub- 
stances whatever:, produced spectra bearing the same proper- - 
tion to the mean refraction as prisms of glass ; and it is a re- 
markable circumstance, that a philosopher of such sagacity 
should have overlooked a fact so palpable, as that different, 
bodies produced spectra whose lengths were different, when 
the mean refraction was the some. 

The prism B A C being supposed to be made of crown 

* Bee Note III., By Am. ed., rollowing the author's Appendix. 
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gUus, let ns take another d^flhU glass or wkUe erystoL, wiUi 
such a refracting angle that, when placed in the position 
B A C, the light enters and quits it at equal angles, and re- 
fracts the mean rav to the same point G. The two prisms 
ought, therefore, to have the same mean refraction. But when 
we examine the spectrum produced hy the flint glass prism, 
we shall find that it extends beyond K and L, and is evidently 
longer than the spectrum produced by the crown glass prism. 
Hence fiint glass is said to have a greater dispersive power 
•than crown glass, because at the same angle of mean refrac- 
tion it separates the extreme rays of the spectrum, g* L, ^ K, 
farther from the mean ray g G. 

In order to explain more clearly what is the real measure 
of the dispersive power of a body, let us suppose that in the 
crown glass prism, BAG, the index of refraction for the ex- 
treme videt ray,^K, is 1*5466, and that for the extreme red 
ray, g L, 1*5258; then the difference of these indices, or 
•02 )8, would be a measure of the dispersive power of crown 
glass, if it and all other bodies had the same mean refraction : 
but as this is far from being the case, the dispersive power 
must be measured by the relation between '0208 and the 
mean refraction, or 1*5330, or to the excess of this above 
4inity, viz., '5330, to which the mean refraction is always pro- 
portional. For the purpose of making this clearer, let it be 
required to compare the dispersive powers of diamond and 
crown glass, " The index of cefraction of diamond for the ex- 
treme violet ray is 2*467, and for the extreme red, 2*411, and 
the difference of these is "0560, nearly three times as great as 
,'0209, the same 'difference for crown glass; but then the di& 
ference between the sines of incidence and refraction, or the 
excess of the index of refraction above unity, or 1*439, is.also 
about three times as great as the same difference in crown 
glass, viz., -5330 ; and, consequently, the dispersive power of 
diamond is very little greater than that of crown glass. The 
two dispersive powers are as follows ; — 

. Crown Glass .' .1 I^JJ = 0-08S6 
Diamond .... iP|f5 = 0-0888 

This similarity of dispersive power might be proved experi'^ 
mentally, by taking a prism of diamond, which^when placed 
at B A C in^^. 50., produced the same mean refraction as the 
green ray ^ G. It would then be seen that the spectrum 
which it ])roduced was of the same length as that produced 
by the prism of crown glass. Hence the splendid colors 
which distinguish diamond from every other precious stuno 
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are not owing to its high dispersive power, bat to its great 
mean refraction. 

As the indices of refraction given in our table of refractive 
powers are nearly suited to the mean ray of the spectrum, 
we may, by the second column of the Table of the Dispersive 
Powers of Bodies, given in the Appendix, No. I., obtain the 
approximate indices of refraction for the extreme red and the 
extreme violet rays, by adding half of the number in the col- 
umn to the mean index of refraction for the index of refrac-^ 
tion of the violet, and subtracting half of the same number* 
for the index of the red ray. The measures in the table are , 
given for the ordinary li^ht of day. When the sun*s light is 
used, and when the eye is screened from the middle rays of 
the spectrum, the red and violet may be traced to a much 
greater distance from the mean ray of the spectrum. 

When the index of refraction for the extreme ray is thus 
known, we may determine the position and length of the 
spectra produced by prisms of different substances, whatever 
be their refracting angle, whatever be the positions of the 
prism, and whatever be the distance of the screen on which 
the spectrum is received. 

If we take a prism of crown glass, and another of flint 
glass, with such refracting angles that they produce a spec- 
trum of precisely tlie same length, it will be found, that when 
the two prisms are placed together with their refracting angles 
in opposite directions, they will not restore the refracted pencil 
^ to the state of white light, as happens in the combination of 
t^o equal prisms of crown or two equal^prisms of flint glass. 
The white light P,^^.50., will be tinged on one side with 
pur^y'iad on the other with green light This is called die 
tecoTidary spectrunij and the colors secondary colors ; and it 
is manifest that they must arise from the colored spaces in the 
spectrum of crown glass not being equal to those in the spec* 
trum of flint glass. 

In order to render this curious property of the spectrum 
very obvious to the eye, let two spectra of equal length be 
formed by two hollow prisms, one containing oil of cassia^ 
and the other sulphuric acid. The oil of cassia spectrum will 
resemble A B,^. 52., and the sulphuric acid spectrum C D. 
In the former, the red^ orange, and yeUow spaces are less than 
in the latter^ while the blue, indtgo, and violet spaces are 
greater ; the least refrangible rays hemSj as it were, contract- 
ed in the former and expanded m the latter, while the most 
refrangible rays are expanded in the one and contracted in the 
other. In consequence of this diflerence in the colored spaces, 
the middle or mean ray m n does not pass through the same 
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color in both spectra. In the oil of cassia spectrum it is in 
the blue space, and in the sulphuric acid spectrum it is in the 

Fig. 52. 



Violet. 



Violet. 




^reen space. As the colored spaces have not the same ratio 
to one another as the lengths of the spectra which they com- 
pose, this property has been called the irrationality of disper^ 
siorij or of the colored spaces in the spectrum. 

In order to ascertain whether any prism contracts or ex- 
pands the lea^ refrangible rays more than another, or which 
of them acts most on green light, take a prism of each with 
such angles that they correct each other's dispersion as much 
as possible, or that they produce spectra of the same leng^L 
If, through the prisms placed with their refracting angles in 
opix)site directions, we look at the bar of the window parallel 
to the base of the prism, we shall see its edges perfectly frep 
from color, provided the two prisms act equally upon green light. 
But if they act differently on green light, the bar will have a 
fringe of purple on one side, and a fringe of green on the 
other ; aiid the green fringe will always be on the same side 
of the bar as the vertex of the prism which contracts the yel- 
low space and expands the blue and violet ones. That is, if 
the prisms are flint and crown glass, the uncorrected green 
fringe will be on the lower side of the bar when the vertex of 
the flint glass prism points downwards. Flint glass, therefore, 
has a less action upon green light than crown glass, and con- 
tracts in a greater degree the red and yellow spaces. Se<» 
Appendix, No. IL 

G 
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CHAP. IX. 

ON THE PRINCIPLE OF ACHROMATIC TELESCOPES. 

In treating of the progress of rays through lenses, it was 
taken for granted that the light was homogeneous, and that 
every ray that had the same angle of incidence had also the' 
same angle of refraction ; or, what is the same thing, that 
every ray which fell upon the lens had the same index of re- 
fraction. The observations in the two preceding chapters 
have, however, proved that this is not true, and that, in the 
case of light felling upon crown glass, there are rays with 
every possible index of refraction from 1*5258, the index of 
refraction for the red, to 1-5466, the index of refraction for the 
violet rays. As the light of the sun, by which all the bodies 
of nature are rendered visible, is white, this property of light, 
viz. the different refrangibility of its parts, affects greatly the 
formation of images by lenses of all kinds. 

In order to explain this, let L L be a convex lens of crown 
glass, and R L, R L rays of white light incident upon it par- ' 

Fig. 53. 




Bilel to its axis R r. As each ray R L of white light consists 
of seven differently colored rays having different degrees of 
refrangibility or different indices of refraction, it is evident 
that all the rays which compose R L cannot possibly be re- 
fracted in the same direction, so as to fall upon one point. The 
extreme red rays, for example, ha R L, R L, whose index of 
refraction is 1-5253, if traced through the lens by the method 
formerly given, will be fouiid to have their focus in r, and C r 
w^l be the focal length of the lens for red rays. In like 
manner the extreme -violet rays, which have a greater index 
of refraction, or 1*5466, will be refracted to a focus v much 
nearer the lens, and C v will be the focal length of the lens 
for violet rays. The distance v r is called the diromatic aber- 
ration, and the circle whose diameter is a 6 passing through 
the focus of the mean refrangible rays at o, is called the circle 
of least abarration. 

These effects may be shown experimentally by exposing the 
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tens L L to the parallel rays of the sun. If we receive the 
image of the sun on a piece of paper placed between o and C, 
the luminous circle on the paper will have a red border, be- 
cause it is a section of the cone L a 6 L, the exterior rays of 
which L a, L & are red ; but if the paper is placed at any 
greater distance than o, the luminous circle on the paper will 
have a violet border, because it is a section of the cone / abV, 
the exterior rays of which al,bl' axe violet, being a contin- 
uation of the violet rays L v, L v. As the spherical aberration 
of the lens is here combined with its chromatic aberration, 
the undisguised effect of the latter will be better seen by 
taking a large convex lens L L, and covering up all the cen- 
tral part, leaving only a small rim round its circumference at 
L L, through which the rays of light may pass. The refrac- 
tion of the differently colored rays will be then finely dis- 
played by viewing the image of the sun on the different sides 
of a b. 

It is clear from these observations that the lens will form a 
violet image of the sun at v, a red image at r, and images of 
the other colors in the spectrum at intermediate points be- 
tween r and v; so that if we place the eye behind these 
images, we shall see a confused image, possessing none of 
that sharpness and distinctness which it would have had if 
formed only by one kind of rays. 

The same observations are true of the refraction of white 
light by a concave lens; only in this case the parallel rays 
which such a lens refracts diverge, as if they proceeded from 
separate foci, v and r, in front of the lens. 

If we now place behind L L a concave lens G G of the 
same glass, and having its surfaces 'ground to the same cur- 
vature, it is obvious that since v is its virtual focus for violet, 
and r its virtual focus for red rays, if the paper is held at a 6, 
the focus of the mean refranw-ible rays, where the violet and 
red rays cross at a and 6, the unage will be more distinct than 
in any other position ; and when rays converge to the focus of 
any concave lens, they will be refracted into parallel direc- 
tions; that is, the concave lens will refract these converging 
rays into the parallel lines G /, G Z, and they will again form 
white light That the red and violet rays will be thus re- 
united in one, viz. G Z, may be proved by projecting them ; but 
it is obvious also from the consideration that the two lenses 
L L, G G actually form a piece of parallel glass, the outer 
concave surface of G G being parallel to the outer convex sur- 
face of L L. 

(67.) But though we have thus corrected the color produced 
by L L, by means of the lens G G, we have done this by a 
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useless combination ; since the two together a<!t oalj like a 
piece of plane glass, and are incapable of forming an image. 
If we make the concave lens G G, however, of a longer focus 
than L L, the two together will act as a convex lens, and will 
form images behind it, as the rays G /, G Z will now converge 
to a focus behind L L. But as the chromatic aberration of the 
lens G G will now be less than that of L L, the one will not 
correct or compensate the other ; so that the difference be- 
tween the two aberrations will still remain. Hence it is im- 
possible, by means of two lenses of the same glass, to form 
an image which shall be free from color. 

As Sir Isaac Newton believed that all substances whatever 
produced the same quantity of color, or had the same chro- 
matic aberration when formed into lenses, he concluded that 
it was impossible, by the combination of a concave with a con- 
vex glass, to produce refraction without color. But we have 
alre^y seen tliat tlie premises from which this conclusion was 
drawn are incorrect, and that bodies have difierent dispersive' 
powers, or produce different degrees of color at the same mean 
refraction. Hence it follows that different lenses may produce 
the same degree of color when they have difierent focal 
lengths; so that if the lens L L is made of crown glass, whose 
index of refraction is I'519, and dispersive power 0-036, and 
the lens G G of flint glass, whose index of refraction is 1*589, 
and dispersive power 0-0393, and if the focal length of the 
convex crown-glass lens is made 4| inches, and that of the 
concave flint-gfiss lens 7f inches, they will form a lens with a 
focal length of 10 inches, and will refract white light to a 
single focus free of color. Such a lens is called an achro- 
matic lens ; and when used as a telescope, with another glass 
to magnify the colorless image which it forms of distant ob- 
jects, it constitutes the achromatic telescope, one of the 
greatest inventions of the last century. Although Newton, 
reasoning from his imperfect knowledge of the dispersive 
power of bodies, pronounced such an invention to be hopeless ; 
vet, in a short time after the death of that great philosopher, 
It was accomplished by a Mr. Hall, and aflerwards by Mr. 
BoUond, who brought it to a high de^ee of perfection. 

The image formed by an achromatic lens thus constructed 
would have been perfect if the equal spectra formed by the 
crown and flint glass were in every respect similar : but as 
we have seen that the colored spaces in the one are not equal 
t-o the colored spaces, in the other, a secondary spectrum is 
lefl ; and therefore the images of all luminous objects, when 
seen through such a lens, will be bordered on one side with a 
piirple fringe, and on the other with a green fringe. If two 
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substances could be found of di^rent refractive and dispersive 
powers, and capable of producing^ equal spectra, in which the 
colored spaces were equal, a pertect achromatic lens would be 
produced: but, ad no such substances have yet been found, 
philosophers have endeavored to remove the imperfection by 
other means ; and Doctor Blair had the merit of surmounting 
the difficulty. He found that muriatic acid had the property 
of producing" a primary spectrum, in which the green rays 
were among the most refrangible, something like C I>,Jig'. 52., 
as in crown glass. But as muriatic acid has too low a refrac- 
tive and dispersive power to fit it for beings used as a concave 
lens along with a convex one of crown glass, he therefore 
conceived the idea of mcreasmg the refractive and dispersive 
powers of the muriatic acid, by mixing it with metallic solu- 
tions, such as muriate of antimony ; and he found he could do 
this to the requisite extent without altering its law of disper- 
sion, or the proportion of the colored spaces in its spectrum. 
By inclosing, therefore, muriate of antimony, L L, between 
two convex lenses of crown glass, as A B, C D in Jig. 54., 
Doctor Blair succeeded in remctipg parallel rays R A, RB 




BTJ 

to a single focus F, without the least trace of secondary 
color. Before he discovered this property of the muriatic 
acid, he had contrived another, though a more complicated 
combination, for producing the same efiect ; but as he prefer- 
red the combination which we have described, and employed 
it in the best aplanatic object-glasses which. he constructed, it 
is unnecessary to dwell any longer upon the subject. 

In these observations, we have supposed that the lenses 
which are combined have no spherical aberration ; but though 
this is not the case, the combination of concave with convex 
surfaces, when properly adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 



In the course of an examination of the secondary spectra 
produced by different combinations, I was led to the conclu- 
sion that tliere may be refraction without color, by means of 
two prisms, and that two lenses may converge white light to 
G2 
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one ^us, even though the prisms and the lenses are made of 
the same kind of glass. When one prism of a different angle 
b thus made to correct the dispersion of another prism) a ter- 
tiary spectrum is produced, which depends wholly on the 
angles at which the light is refracted at the two surfiices of 
the prisms. See Treatise on New Philosophical Instru- 
ments, p. 400. 



CHAP. X. 

ON THE PHYSICAL PROFBRTIES OF THE SPECTRUM. 

(68.) In the preceding chapter we have considered only 
those general properties of the solar spectrum on which the 
construction of achromatic lenses depends. We shall now 
proceed to take a general view of all its physical properties. 

On the Existence of Fixed Lines in the Spectrum. 

In the year 1802, Dr. WoUaston announced that in the 
spectrum formed by a fine prism of flint glass, free from veins, 
when the luminous object was a slit, the twentieth of an inch 
. wide, and viewed at the distance of 10 or 12 feet, there were 
two fixed dark lines, one in the green and the other in the 
blue space. This discovery did not excite any attention, and 
was not followed out by its ingenious author. 

^ithout a knowledge of Dr. Wollaston's observation, the 
late celebrated M. Praunhofer, of Munich, by viewing through 
a telescope the spectrum' formed from a narrow line of solar 
light by the finest prisms of flint glass, discovered that the 
suriace of the spectrum was crossed throughout its whole 
length by dark lines of diflTerent breadths. None of these lines 
coincide with the boundaries of the colored spaces. They are 
nearly 600 in number : the largest of them subtends an anffle 
of from 5" to 10". From their distinctness, and the facility 
with which they may be found, seven of these lines, viz. 
B, C, D, E, F, G, li,. have been particularly distinguished by 
M. Fraunhofer. Of these B lies in the red space, near its 
outer end ; C, which is broad and black, is beyond the middle 
of the red ; D is in tlie orange, and is a strong double line, 
easily seen, the two lines being nearly of the same size, and 
separated by a bright one; E is in the green, and consists of 
several, the middle one being the strongest ; P is in the blue, ' 
and is a very strong line ; G is in the tndigo^ and H in the 
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videL Besides these lines there are others which deserve to 
be noticed. At A is a well defined dark line within the red 



Fig. 55. 




space, and half-way between A and B is a group of seven or 
eight, forming together a dark band. Between- B and C there 
are 9 lines ; between C and D there are 30 ; between D and 
E there are 84 of different sizes. Between E and b there are 
24, at b there are three very strong lines, with a fine clear 
space between the two widest ; between b and F there are 
52; between F and G 185; and between G and H 190, 
many being accumolated at G. 

These lines are seen with equal distinctness in spectra pro- 
duced by all solid and fluid bodies, and, whatever be tfie 
lengths of the spectra and the proportion of their colored 
spaces, the lines preserve the same relative position to the 
boundaries of the colored spaces ; and therefore their propor- 
tional distances vary with the nature of the prism- by which 
they are produced. Their number, however, their order, and 
their intensity are absolutely invariable, provided light coming 
either directly* .or indirectly from the sun be employed. 
Similar bands are perceived in the light of the planets and 
fixed starSf of cohred flames^ and of the electric ^spark. The 
spectra from the light of Mars and from that of ventis con- 
tain the lines D, E, b, and F in the same positions as in sun- 
light In the spectrum from the light of Siriust no fixed 
lines could be perceived in the orange and yelUiiD spaces ; but 
in the green there was a very strong streak, and two other 
very strong ones in the blue, Jhey bad no resemblance, 
however, to any of the lines in planetary light The star 
Castor gives a spectrum iRxactly like that of Siritis, the 
streak in the green being in the very same place. . The 
streaks were also seen in the blue, but Fraunhofer could not 
ascertain their place. In the spectrum of Pollux there were 
many weak but fixed lines, which looked like those in Venus, 



^ Fraunhofer found the very same lines in moonlight. 
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It had the line D, for example, in the very same place as in 
the light of the planets. In the spectrum of Capdla the 
lines D and 6 are seen as in the sun^s light The spectrum 
of Betalgeus contains numerous fixed lines sharply defined, 
and those at D and h are precisely in the same places as in 
sun-light It resembles the spectrum of Venus. In the spec- 
trum of Procytm Fraunhofer saw the line D in the orange ; 
but though he observed other lines, yet he could not deter- 
mine their place with any degree of accuracy. In the spec- 
trum of electric light there is a great number of bright lines. 
The spectrum from the light of a lamp contains none of the 
dark fixed lines seen in the spectrum from sun-light ; but 
there is in the orange a bright line which is mere distinct 
than the rest of the spectrum. It is a double line, and oc- 
curs at the same place where D is found in the solar spec- 
trum. The spectrum from the light of a flame maintained by 
the blowpipe contams several distinct bright lines.* 

(69.) One of the most important practical results of the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us to take the most accurate measures of the 
refractive and dispersive powers of bodies, by measuring 
the distances of the lines B, C, D, &c. Fraunhofer com-> 
puted the table of the indices of refraction of difterent sub- 
stances, given in the Appendix, Na III. From the nupbers 
in the table here referred to we may compute the raxios of 
the dispersive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On the Illuminating Power of the Spectrum, 

(70.) Before the time of M. Fraunhofer, the illuminating 
power /of the different parts of the spectrum had been given 
only from a rude estimate. By means of a photometer he ob- 
tained the following results : — 

" The place of maximum illumination he found to be at M, 
fig, 55., so situated that D M was about one third or one 
fourth of D £ ; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminating power at M, 
where it is a masdmum, 100, then the light of other points 
will be as follows : — 
Light at the red extremity - 0-0 liight at F - - - - 17-00 

B 3-2 G - - . - 310 

C 9-4 H - - - - 0-56 

D 64-0 the violet ex- \ 



Maximum light at M . 100-0 
Light at E "48-0 



tremity 



i 0-00 



* See 7^ Edinburgh Journal qf Science, No. XV. p. 7. 
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Calling the intensity of the light in the brightest spoco D E 
100, Fraunhofer found ttie light to have the following intensity 
in the other spaces : — 

Intensity of light in BC - 2-1 

C D 23-9 

DE 100-0 



Intensity of light in EF 32*8 

FG 18-5 

GH 3-5 



From these results it follows that, in the spectrum exam- 
ined by Fraunhofer, the most luminous ray is nearer the red 
than the violet extremity in the proportion of 1 to 3*5, and 
that the mean ray is almost in the middle of the blue space. 
As a great part, however, of the violet extremity of the spec- 
trum is not seen under ordinary circumstances, these results 
cannot be applied to spectra produced under such circum- 
stances. 

On the Heating Power of the Spectrum. 

(71.) It had always been supposed l^ phibsophent that the 
heating power in the spectrum would be proportional to the 
quantity of light; and Landriani, Rochon, and Sennebier, 
found the yeUow to be the warmest of the colored spaces. Dr. 
Herschel, however, proved by a series of experiments that the 
heating power gradually increased from the violet to the red 
extreiAy of the spectrum. He found also that the thermome- 
ter continued to rise when/placed beyond the red end of the 
spectrum, where not a siiigle ray of light could be perceived. 

Hence he drew the important conclusion, thai there were 
invisible rays in the light of the sun^ which had the power of 
• producing heat, andfohich had a less degree of rejran^ibiU 
ity than red li^ht. Dr. Herschel was desirous of ascertaming 
the refrangibihty of the extreme invisible ray which possessed 
the power of heating, but he found this to be impracticable ; 
and he satisfied himself with determining tliat, at a point 1^ 
inches distant from the extreme red ray, the invisible rays ex- 
erted a- considerable heating power, even though the ther- 
mometer was placed at the distance of 52 inches from the 
prism. 

These results were confirmed by Sir Henry Englefield, who 
obtained the following measures : — 

Temperatnn. i Taapentnr*. 



Red .... 72° 
Beyond red . . 79 



Blue 560 

Green 58 

YeUow .... 62 
^ WTien the thermometer was returned from beyond the red 
into the red, it fell again to 72°. 
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M. Berard obtained analogous measures ; but he found that 
the maximum of heat was at the very extremity of the red 
rays when the bulb of the thermometer was completely cov- 
ered by them, and that beyond the red space the heat was 
only one fifth above that of the ambient air. 

Sir Humphry Davy ascribed Berard's results to his using 
thermometers with circular bulbs, and of too large a size ; and 
he therefore repeated the experiments in Italy and at Geneva, 
with very slender thermometers, nojpinore tlian one twelfth of 
an inch in diameter, with very long bulbs filled with air con- 
fined by a colored fluid. The result of these experiments was 
a confirmation of those of Dr. Herschel.* 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The follow- 
ing are his results : — 

BulMtaaee of the Prian. Colored qi«ce la whieb the heat is 

« miainiain. 

Water .......... Yellow. 

Alcohol ......... Yellow. 

Oil of turpentine Yellow 

Sulphuric acid concentrated . . Orange. 

^lution of sal-ammoniac . . . Orange. 

Solution of corrosive sublimate *. Orange. 

Crown glass Middle of the r^ 

Plate glass Middle of the r*. 

I'lint glass Beyond the red. 

The observations on alcohol and oil of turpentine were 
made by M. Wunsch.f 

On the Chemical Influence of the Spectrum, 

(72.) It was long ago noticed by the celebrated Scheele, 
that muriate of silver is rendered much blacker by the violet 
than by any of the other rays of the spectrum. In 1801, M. 
Ritter of Jena, while repeating the experiments of Dr. Her- 
schel, found that the muriate of silver became very soon black 
beyond the violet extremity of the spectrum. It became a 
little less blackened in tlie violet itself, still less in the blue, 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was pjirtly restored when placed in the red space, and 
still more in the space of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

* See Edinburgh Encijcloptcdia, vol. x. p. 69., where they were first pub- 
lished, as communicated to me by Jiir Humphry. 

t For the recent observations of Signor Melloni, see Note IV. of Am. edT 
which follows author's Appendix. 
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in. the solar spectrum, one od the red side which &vofb oxy- 
genation, and the other on the violet side which favors di»- 
oxygenation. M. Ritter also found that phosphorus* emitted 
white fumes in the invisible red ; while in the invisible violet, 
phosphorus in a state of oxygenation was instantly extin- 
guished. 

In repeating the experiments with Inuriate of silver, M. 
Secbeck found that its color varied with the colored space in 
which it was held. In a^ beyond the violetf it was reddUh 
brown ; in the blue, it was blue or bluish grey ; in the yellow^ 
it was white, either unchanged or fiiintly tinged with yellow ; 
and in and beyond the red it was red.* In prisms of flint glass, 
tlie muriate was decidedly colored beyond the limits of the 
spectrum. 

Without knowing what had been done by Ritter, Dr. Wol- 
laston obtained the very same results respecting the^ action of 
violet light on muriate of silver. In continum*- his experi- 
ments, he discovered some new chemical effects of light upon 
gum guaiacum. Having dissolved some of this gum in alco* 
hoi, and washed a card with the tincture, he expc^ed it in the 
different colored spaces of the spectrum without observing 
any change of color. He then took a lens 7 inches in diame- 
ter, and having covered the central part of it so as to leave 
only a ring of one tenth of an inch at its circumference, he 
could collect the rays of any color in a focus, the focal dis- 
lance being about 24^ inches for yellow light The card 
washed wiSi guaiacum was then cut in small pieces, w^hich 
n'ere placed in the different rays concentrated by the lens. In 
the violet and blue rays it acquired a green color. In the 
yelloio no effect was produced. In tlie red rays, pieces of the 
card already made green lost their green color, and were re- 
Atored to their original hue. The guaiacum card, when placed 
in carbonic acid gas, could not be rendered green at any dis- 
tance from the lens, but was speedily restor^ from gree^i to 
yellow by the red rays. Dr. Wollaston also found that the 
back of a heated silver spoon removed the green color as ef- 
fectually as the red rays. 

On the Magnetizing Power of the Solar Rays. 

(73.) Dr. Morichini, more than twenty years ago, announced 
that the violet rays of the solar spectrum had the power of 
magnetizing small steel needles that were entirely free from 
magnetism. This effect was prodiy;ed by collecting the violet 
rays in the focus of a convex lens, and carrying flie focus of 
these rays from the middle of one half dS the needle to the 
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extremities of that half, widiout touching the other half. 
When this operation had been perfbnned for an hour, the 
needle had acquired perfect polarity. MM. Carpa and Ridoifi 
repeated this experiment with perfect success ; and Dr. Mori- 
chini magnetized several needles in the presence of Sir H. 
Davy, Professor Playfair, and other English philosophers. M. 
Berard at Montpelier, M. Dhombre Firmas at Alais, and pro- 
fessor Configliachi at Pavia, having fiiiled in producing the 
same effects, a doubt was thus ca^g^ver the accuracy of pre- 
ceding researches. 

A few years ago. Dr. Morichioi's experiment was restored 
CO credit by some ingenious experiments by Mrs. Somerville. 
Having covered with paper half of a sewing needle, about an 
inch long, and devoid of magnetism, and exposed the other 
half uncovered to the violet rays, the needle acquired mag- 
netism in about two hours, the exposed end exhibiting north 
polarity. The indigo rays produced nearly the same effect, 
and the blue and green produced it in a less degree. When 
the needle was exposed to the yellow, orange, red, or calorific 
rays beyond the red, it did not receive the slightest magfetism, 
although the exposures lasted for three days. Pieces of clock 
and watch springs gave similar results ; and when the violet 
ray was concentrated with a lens, the needles, &c., were 
magnetized in a shorter time. The same effects were pro- 
duced by exposing the needles half covered with paper to the 
sun's rays transmitted through glass colored blue with cobalt 
Green glass produced the same effect The light of the sun 
transmitted through blue and green riband produced the same 
effect as through colored glass. When the needles thus cov- 
ered had hung a day in the sun's rays behind a pane of glass, 
their exposed ends were north poles, as formerly. 

In repeating Mrs. Somerville's experiments, M. Baumgart- 
ner of Vienna discovered that a steel wire, some parts of 
whi^h were polished, while the rest were without lustre, be- 
came magnetic by exposure to the white light of the sun ; a 
north pole appearing at each polished part, and a south pole at 
each unpolished part The effect was hastened by conceu'* 
trating the solar rays upon the steel wire. In this way he ob- 
tained 8 poles pn a wire eight inches long. He was not able 
to magnetize»needles perfectly oxidated, or perfectly polished, 
or having polished lines in the direction of their lengths. 

About4he same time, Mr. Christie of Woolwich found that 
when a magnetized needle, or a needle of copper or glass, vi- 
brated by the force of torsion in the white light of the sun, 
the arch of vibration was more rapidly diminished in the sun'a 
light Uian in the shade. The effect was greatest on the mag- 
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netized needle. Hence he concludes that the compound solar 
rays possess a very sensible magnetic influence. 

These results have received a very remarkable confirmation 
Trom the experiments of M. JBarlocci and M. ZaotedeschL 
Professor Barlocci fi}und that an armed^ natural loadstoqe, 
which could carry 1^ Roman pounds, had its power nearly 
dovhled by twenty-four hours* exposure to the strong light of 
the sun. M. Zantedeschi found that an artificial horse-shoe 
loadstone, which carrie^^SJ oz., carried 3^ more by three 
days' exposure, and at last supported 31 oz., by continuing it 
in the sun's light He found, that while the strength in- 
creased in oxidated magnets, it diminished in those ^ich 
were not oxidated, the diminution becoming insensible when 
• the loadstone was highly polished. He now concentrated the 
solar rays upon the loadstone by meaqa of a lens ; and he 
found that, both in oxidated and polished magnets, they ac- 
quire strength when their north pole is exposed to the sun's 
rays, and lose strength when the south pole is exposed. He 
found likewise that the augmentation in the first case ex- 
ceeded the diminution in the second. M. Zantedeschi re- 
peated the experiments of Mr. Christie on needles vibrating 
in the sun's light ; and he found that, by exposing the nortli 
pole of a needle a foot long, the semi-amplitude of the last 
oscillation was 6° less tlian the first ; while, by exposing the 
south pole, the last oscillation became greater than the first 
M. Zantedeschi admits that he oflen encountered inexplicable 
anomalies in these experiments.* 

Decisive as these results seem to be in favor of the mag- 
netizing power both of violet and white light, yet a series of 
apparently very well conducted experiments have been lately 
published by MM. Riess and Moser,t which cast a doubt over 
the researches of preceding philosophers. In tliese experi- 
ments, they examined the number of oscillaiions performed in 
a given time before and after the needle was submitted to the 
influence of the violet rays, ^focus of violet light concen- 
trated by a lens 1*2 inches in diameter, and 2-3 inches in focal 
length, was made to traverse one half of the needle 2G0 
times ; and though this experiment was repeated with diflfer- 
ent needles, at diflerent seasons of the year, and different 
hours of the day, yet the duration of a given number of oscil- 
lations was almost exactly the same afler as before the oxperi- 
naent Their attempts to verify the results of Baumgartner 
were equally fruitless ; and they therefore consider themselves 

.-I . . ■ I ■ I . .. , r' ■ I » 

* Edinburgh Journal ef Science, New Jeries, No. V.. p. 70. 
fid No. IV., pi 225. 
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ss entitled to reject totally a discovery, which for seventeen 
years has at different times disturbed science. " The small 
variati5n8," they observe, - ** which are found in some of our 
experiments, cannot constitute a real action of the nature of 
that which was observed by MM. Morichini, Baumgartner, 
&c., in so clear and decided a manner." 



CHAP. XI. 

ON THE INFLEXION OR DIFFRACTION OF LIGHT. 

(74.) Having thus described the changes which light expe- . 
riences when refracted by the surfaces of transparent bodies, 
and the properties jphich it exhibits when thus decomposed 
into its elements, we shall now proceed to consider the phe- 
nomena which it presents when passing near the edges of 
bodies. This branch of optics is called the inflexion or the 
diffraction of light. 

This curious property of light was first described by Gri- 
maldi in 1665, and afterwards by Newton ; but it is to tlie late 
M. Fresnel that we are indebted for a most successful and able 
investigation of the phenomena. 

In order to observe the action of bodies upon the light 
which passes near them, let a lens L L, of very short focus, 
fig, 56., be fixed in the window-shutter, M N, of a dark room ; 

Fig. 56. 




and let R L L be a beam of the sun^s light, transmitted through 
the lens. This light will be collectea into a focus at F, from 
which it will diverge in lines F C, F D, forming a circular 
image of light on the opposite wall. If a small hole, about 
the fortieth of an inch in diameter, had been fixed in the win- 
dow-shutter in place of the lens, nearly the same divergent 
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beam of light would have been obtamed. The shadows of all 
bfidies whatever held in this light will be found to be sur- 
rounded with three fringes of the following colors, reckoning 
from the shadow : — 

First fringe. — ^Violet, indigo, pale blue, green, yellow, red. 

Second fringe. — Blue, yellow, red. 

Third fringe. — Pale blue, pale yellow, pale red. 

In order to examine these fringes, we may either receive 
them on a smooth white surfiice as Newton did, or adopt the 
method of Fresnel, who looked at them with a magnifying 
^lass, in the same manner as if they had been an image 
Formed by a lens. This last method is decidedly the best, as 
it enables the observer to measure the fringes, and ascertain 
the changes which they undergo under different circum- 
stances. 

Let a body B be now placed at the distance B F from the 
focus, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the following phenomena 
will be observed : — 

1. Whatever be the nature of the body B with regard to its 
density or refractive power, whether it is platina or the pith 
of a rush, whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in color, and the colors will be those given above. 

2. If the light R L is homogeneous light of the different 
colors in the spectrum, the frinffes will be of the same color 
as the light R L ; and they will be broadest in red light, 
smallest in violet, and of intermediate sizes in tlie interme- 
diate colors. 

3. The body B continuing fixed, let us either brinff the 
screen C D nearer to B, or bring the lens with which we 
view the fringes nearer to B, so as to see them at different 
distances behind B. It will be found that they grow less and 
less as they approach the edge of B, from which they take 
their rise. But if we measure the distances of any one fringe 
from the shadow at different distances behind B, we shall find 
that the line joining the same point of the fi-inge is not a 
straight line, but a hyperbola whose vertex is at tlie edge of 
the body ; so that the same fringe is not formed by the same 
light at all distances from the body, but resembles a caustic 
curve formed by the intersection of different rays. This cu- 
rious fact we have endeavored to represent in the figure by 
the hyperbolic curves joining the edge of the body B and the 
frmges which are shown by dotted Imes. 

4. Hitherto we have supposed that B has been held at the , 
same distance from F ; but let it now be brought to b, much 
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iiearer F, and let the screen C D be broi^ht io cd, so tliat 
bg ia equal BG. In this new position, where nothing has 
been changed but the distance from F, the fringes will be 
found greatly increased in breadth, their relative distances 
from each other and from the margin of the shadow remain- 
ing the same. The influence of distance from the radiant 
pint F on the size of the fringes, or on the quantity of 
inflexion, is shown in the following results obtained by M. 
Fresnel : — 



F6 
FB 



I of the lDflr«tiii« Distance BO arbg behind the 

body B behind Uie n- body B or b, where the in- 
di«nt point F. | flexion wm mcMured. 



4 inchea 
20 feet 



39 inches. 



12' 6" 



When we consider that the fringes are largest in red, and 
smallest in violet light, it is easy to understand the cause 
of their colors m white light ; for the colors seen in this case 
arise from the superposition of fringes of all the seven colors ; 
that is, if the eye could receive all the seven diflTerently color- 
ed fringes at once, these colors would form by their mixture 
the actual colors in the fringes seen by white light Hence 
we see why the color of the first fringe is violet near the 
shadow, and red at a greater distance ; and why the blending 
of the colors beyond the third fringe forms white light, in- 
stead of exhibiting themselves in separate tints. ^ 

Upon measuring the proportional breadths of the fringes 
with great care, Newton found that they were as the num- 
bers 1, -v/^, -v/^, >/\, and their intervals in the same pro- 
portion. 

Besides the external fringes which surround all bodies, 
Grimaldi discovered within the shadows of long and narrow 
bodies a number of parallel streaks or fringes alternately light 
and dark. Their number grew smaller as tlie body tapered ; 
and Dr. Young remarked that the central line was always 
white, so that there must always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect^ 
angular, what are called the crested fringes of Grimaldi are 
prwiuced. 

The phenomena exhibited by substituting apertures of 
various forms in place of the body B are very interesting. 
When the aperture is circular, such as that formed in a piece 
of lead with a small pin, and when a lens is placed behind it 
BO as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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and dilate, and change their tints in the most beautifuWnan- 
ner. When the aperture is one thirtieth of an inch, its dis- 
tance F B from the luminous point 6 feet 6 inches, and its 
distance from the focus of the eye-lens, or B G, 24 inches, 
the following series of rings was observed : — 

1st order. White, pale yellow, yellow, orange, dull red. 

2cl order. Violet, blue, whitish, greenish yellow, yellow, 
bright orange. 

3d order. Purple, indigo blue, greenish blue, bright green, 
yellow green, red. 

4th order. Bluish green, bluish white, red. 

5th order. Dull green, faint bluish white, faint red. 

6th order. Very faint green, very faint red. 

7th order. A trace of green and red. 

When the aperture B is brought nearer to the eye-lena 
whose focus is supposed to be at G, the central white spot 
' ^rows less and less till it vanishes, the rings gradually closing 
m upon it, and the centre assuming in succession the most 
brilliant tints. The following were the tints observed by 
Mr. Herschel ; the distance between the radiant point F and 
the focus G of the eye-lens remaining constant, and the 
aperture, supposed to be at B, being gradually brought nearer 
toG:— 



Distance 
or tp«r- 
ture B 



Color ar thft Ceatiml apot. 



24 in. 
18 

,135 

10 
9-25 
910 
8-75 
8-36 
800 
7-75 
7-00 
6-63 
6-00 
5-85 
5-50 
500 
4-75 
4-60 
400, 
385 
3 50 1 



White. 
White. 

Yellow. 



Intense orange. 
Deep orange red. 
Brilliant blood red. 
Deep crimson red. 
Deep purple. 
Very sombre violet. 
Intense indigo blue. 
Pure deep blue. 
Sky blue. 
Bluish white. 
Very pale blue. 
Greenish white. 
Yellow. 
Orange yellow. 
Scarlet. 
Red. 
Blue. 
Dark blue. 



Rings as described above. 

First two rings confused. Red of 3d, and 

green of 4ih order, splendid. 
Inner rings diluted. Red and green of 
' the outer rings good. 
All the rings much diluted. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
A broad yellow ring. 
A pale yellow ring. 
A r|ch yellow. 

A ring of orange, with a sombre space. 
Orange red, with a pale yellow space. 
A crimson red ring. 
Purple, with orange yellow. 
Blue, orange. 

Bright blue, orange red, pale yellow, white. 
Pale yellow, violet, pale yellow, white. 
White, indigo, dull oranee, white. 
White, yellow, blue, dull red. 
Orange, light blue, violet, dull orange. 



US 
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When ttpo small apertures are used instead of one, and the 
rings examined by the eye-lens as before, two systems of 
rings will be seen, one round each centre ; but, besides the 
rings, there is another set of fringes which, when the aper- 
tures are equal, are parallel rectilineal fringes equidistant 
from the two centres, ^d perpendicular to the line joining 
these centres. Two o^er sets of parallel rectilineal fringes 
diverge in the form of a St. Andrew's cross from the middle 
point between the two centres, and forming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two systems of rings are unequal, and the first 
s^t of parallel fringes become hyperbolas, concave towards 
the smaller system of rings, and having the aperture in their 
common focus.* 

The finest experiments on this subject are those of Fraun- 
hofer ; but a proper view of them would require more space 
than we can spare.f 



CIIAP. XIL 

ON THE COIX>R8 OF THIN PLATES. 

(75.) When light is either reflected from the surfaces of 
transparent bodies, or transmitted through portions of them 
with parallel sur&ces, it is invariably white, for all tlie dif^ 
ferent thicknesses of such bodies as we are in the habit of 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica generally met with, will both reflect and trans- 
mit white light If we diminish, however, the thickness of 
these t\Yo bodies to a certain degree, yve shall find that, in- 
stead of giving white light by reflexion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spirit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in blow- 
ing glass so thin as to show the same tints. Lord Brereton 
haS observed the colors of the thin oxidated films which the 
action of the weather produces upon glass ; and Dr. Hooke 
obtained films so equally- thin that they exhibited over their 
whole surface the same brilliant color. Such pieces of mica 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readily obtained by 

* HerschePs Treatise on lAght^ § 735. 

X See Ediniurgh ETtcgelopadUtt art. OpUcg^ Vol. Xy.» p. 556. 
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sticking one side of a plate of mica to a piece of sealing-wax. 
and tearing it away with a sudden jerk. Some extremely 
thin films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If we could produce a 
film of mica with only one tenth part of the thickness of that 
which produces a bright blue color, this film would reflect no 
light at all, and would appear black if viewed by reflexion against 
a black body. But though no such film has ever been obtained, 
or is likely to be obtained by any means with which we are 
acquainted, yet accident on one occasion prtxluced solid fibres 
as thin, and actually incapable of reflecting light This very 
remarkable fact occurred in a crystal of quartz of a smoky 
color, which was broken in two. The two surfaces of fracture 
were absolutely black; and the blackness appeared, at first 
, sight, to be owing to a thin film of opaque matter which had 
insinuated itself into the qrevice. This opinion, however, 
was untenable, as every part of the surface was black, and the 
two halves of the crystals could not have stuck together had 
the crevice extended across the whole section. Upon examin- 
ing this specimen with care, I fiDund that the surface was per- 
fectly transparent by transmitted light, and that the blackness 
of the surfaces arose from their being entirely composed of a 
fine down of quartz, or of short and slender filaments, whose 
diameter was so exceedingly small that they were incapable 
of reflecting a single ray of the strongest light The diameter 
of these fibres was so small, that, from prmciples which we 
shall presently explain, they could not exceed the one third 
of the millionth part of an inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon.* I have 
another small specimen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
found which shall exhibit a fine down of difibrent colors des 
pending on their size. 

The colors thus produced by thinness, and hence called the 
colors of thin plates, are best observed in fluid bodies of a 
viscous nature. If we blow a soap-bubble, and cover it with 
a clear glass to protect it from currents of air, we shall ob- 
serve, after it has grown thin by standing a little, a great 
many concentric colored rings round the top of it The color 
in the centre of the rings will vary with the thickness ; but 
as the bubble grows thinner the rings will dilate, the central 
spot will become white, then bluish, and then black, after 
which tlie bubble will burst, from its extreme thinness at the 
place of the black spot The same change of color with the 

* See Edinburgh Journal qfJSctenee, No. I., p. 103. 
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thickness may be seen by placing a thick film of an evapoi^- 
ble fluid upon a clean plate of glass, and watching the effects 
of the diminution of thickness which take place in the course 
of evaporation. 

The method used by Sir Isaac Newton for producing a thin 
plate of air, the colors of which he intended to investigate, is 
shown in fig, 57., where L L is a plano-convex lens, the 

Fig. 57. 



radius of whose convex surface is 14 feet, and Ha double 
convex lens, whose convex surfaces have a radius of 50 feet 
each. The plane side of the lens L L was placed downwards, 
so as to rest upon one of the surfaces of the leas / 1, These 
lenses obviously touch at their middle points; and if the 
upper one is slowly preaed against the under one, there will 
be seen round the point of contact a system of circular color- 
ed rings, extending wider and wider as the pressure is in- 
creased. In order to examine these rings under diff'erent 
degrees of pressure, and. when the lenses L L, Z / are at 
different distances, three clamp-screws, Ptp^p, should be em- 
ployed, as shown in fig. 58., by turning which we may pro- 
duce a regular and equal pressure at the point of contact 

When we look at these rings through the upper lens, so as 
to see those formed by the light reflected from the plate of air 
ji^^. 58. between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, till they almost entirely dis- 
appear in the seventh spectrum. 
When we view the plate of air by looking through the un- 
der lens / 1 from below, we observe another set of rings or 
spectra formed in the transmitted light Only five of these 
transmitted rings are distinctly seen, and their colors, as ob- 
served by Newton, are given in the third column of the fol- 
lowing table ; but they are much more faint than those seen 
by reflexion. By comparing the colors seen by reflexion with 
those seen by transmission, it will be observed that the coloi 
transmitted is always complementary to the one reflected, or. 
which, when mixed with it, would make white light 
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Table of the Colors of Tkin Plates of Air, Water, and Glass. 



Bpcctn, or Oniera of 
Colora, reckoned 
ftnm the centra. 



First 

Spectrum 
or order 
of Colors. 



Second 

Spectrum 
or order ' 
of Colors. 



Third 

Spectrum 
or order 
of Colors. 



Fourth 

Spectrum 
or order 
of Colors. 

Fifth f 

Spectrum 1 
or order ] 
of Colors. [^ 
Sixth f 
Spectrum I 
or order 1 
of Colors. [ 

Seventh C 
Spectrum J 
or order 1 
of Colora I 



Rtjhettd. 

Very black 
Black 
Beginning 
of black 
Blue 
White 
Yellow 
Orange 
Red 



Violet 

Indigo 

Blue 

Green 

Yellow 

Orange 

Bright red 

Scarlet 



White 



Yellowish red 

Black 

Violet 

Blue 



White 

Yellow 

Red 

Violet 

Blue 



i 

9 



Purple 

Indigo 

Blue 

Green 

Yellow 

Red 

Bluish red 



Bluish green 

Green 

Yellowish 

green 
Red 



Green 

Yellow ♦ 
Red 

Bluish green 



21 

224r 

25i 

27} 

29 

32 



Red 



Bluish green 



Greenish 

blue 
Red 



Greenish 

blue 
Red 



Greenish 

blue 
Ruddy 
white 



Red 



12# 
14 

16^ 
17| 
18i 
1 



91 



8f 
9| 

io| 

111 

121 

13 

13f 

14? 



134 
35? 



40^ 



25i 
261 

27 

30f 



46 
521 



58? 
65 



71 

T7 



15J 
16| 

18rV 
20i 
21J 
24 



i 



el 

12| 



13a 

14| 
15jV 

18? 
20J 



34J 

391 



44 

48} 



22 
22f 

23J 

26 



29J 
34 



38 
42 



53J 
57J 



45} 
49| 
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The preceding colors are those which are seen when light 
is reflected and transmitted nearly perpendicularly ; but Sir 
Isaac NeA7ton found that when the light was reflected and 
transmitted obliquely, the rings increased in size, the same 
color requiring a greater tliickness to produce it. The color 
of any film, therefore, will descend to a color lower in, or 
nearer the beginning of, the scale, when it is seen obliquely. 

Such are the general phenomena of the colored rin^s when 
seen by white light When we place the lenses in homoge- 
neous light, or make the different colors of the solar spectrum 
pass in succession over the lenses, the rings, which are always 
of the same color as the light, will be found to be largest in 
red light, and to contract gradually as they are seen in all the 
succeeding colors, till they reach their smallest size in the 
violet rays. Upon measuring their diameters, Newton found 
them to have the following ratio in the different colors at their 
boundaries : — 

Extreme Red. Orange. Tcllow. Oreen. Bine. Indigo. Tiolet. Xxtivme. 
1 034 0^ Oi^aS 0-7B8 0-711^ 0081 6S0 

Since white light is composed of all the preceding colors, the 
rings seen by it will consist of all the seven differently color- 
ed systems of rings superposed as it were, and forming, by 
their union, the different colors in the Table. In order to 
explain this, we have constructed the annexed diagram, Jte: 
59., on the supposition *that each ring or spectrum has the 




same breadth in homogeneous light which it actually has 
when it is formed between surfaces nearly flat, or when 
the thickness of the plate varies with the distance from the 
point of contact.* Let us then suppose tliat we form such a 

* Tliib supposition is imide in order to fiiuplify the diagram. 
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system of rings with the sev^ colors of the spectrum, and 
that a sector is cut out of each system, and placed, as in the 
figure, round the same centre C. Let the angle of the red 
sector be 50°, of the orange 30°, the yellow 40°, the ffreen 
60°, the blue 60°, the indigo 40°, and the violet 80°, being 
360° in all, so as to complete the circle. From the centre C 
set off the first, second, and third rings in TelU the sectors, with 
radii corresponding to the values in the preceding small 
Table. Thus, since the proportional diameters of the ex- 
treme red and the extreme oranoje are 1 and 0'924, the mid- 
dle of the red will be in the middle between these numbers, 
or 0*962 ; and consequently the proportional diameter, or the 
radius of the first red ring for the middle of the red space R, 
will be 0*962. In like manner, the radius for the orange will 
be 0*904, for the yellow 0*855, for the green 0*794, for the 
blue 0*737, for the indigo 0696, and for the violet 0*655. Let 
the red rings be colored red as they appear in the experiment, 
the orange rings orange, and so on, each color resembling that 
of the spectrum as nearly as possible. If we now suppose all 
these colored sectors to revolve rapfflly round C as a centre, 
the effect of them all, thus mixed, should be the production of 
the colored rings as seen by white light As the diameter of 
each ring varies from the beginning of the red space to the 
end of it, and so on with all the colors, the portion of the 
ring in eaoh sector should be part of a spiral, and all these 
separate parts should unite in forming a single spiral, the red 
forming tibe commencement, and the violet the termination of 
the spiral for each ring. 

This diagram enables us to ascertain the composition of any 
of the rings seen in white light Lgt it be required, for ex- 
ample, to determine the color of the ring at the distance C m 
from the centre, m being in the middle of the second red ring. 
Round C as a centre, and with the radius C m, describe a cir- 
cle, mnop, and it will be seen from the different colors 
through which it passes what is its composition. It passes 
nearly through the very brightest" part of the second red ring, 
at m, and through a pretty bright part of the orange. It 
passes nearly through the bright part of the yellow, at n ; 
through the brightest part of the green ; through a less bright 
part of the blue ; through a dark part of the indigo, at p ; 
and tliPough the darkest part of the third violet ring. If we 
knew the exact law according to which the brightness of any 
fringe varied from its darkest to its brightest point, it would 
thus be easy to ascertain with accuracy the number of rays 

* In the figure, the brightest part is the moat ebaded. 
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of each color which entered into the compositioQ of any of 
the rings seen by white light 

In order to determine the thickness of the plate of air by 
which eaJCh color was produced, Newton found the squares of 
the diameters of the brightest parts of each to be in the 
arithmetical progression of the odd numbers, 1, 3, 5, 7, 9, &c., 
and the squares of the diameters of the obscurest parts in the 
arithmetical progression of the even numbers, 2, 4, 6, 8, 10 ; 
and as one of the glas^s was plane, and the other spherical, 
.their intervals at these rings must be in the same progression. 
He then measured the diameter of the fifth dark ring, and 
found that the thickness of the air at the darkest part of the 
FIRST dark ringf made by perpendicular rays, was the ^^W 
part of an inch. He then multiplied this number by the pro^ 
gression 1, 3, 5, 7, 9, &c., and 2, 4, 6, 8, 10, and obtained the 
following results : — 

First Ring 
Second Ring 
Third Ring 
Fourth Ring 

When Newton admitted water between the lenses, he 
found the colors to become fainter, and the rings smaller; 
and upon measuring the thicknesses of water at which the 
same rings were pr^uced, he found them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as 1*600 to 1*336. From these data htf 
was enabled to compute the three last columns of the Table 
given in page 93, which show the thicknesses in millionth 
ports of an inch at whicli the colors are produced in plates of 
air, water, and glass. These columns are of extensive use, 
and may be regarded as presenting us with a micrometer for 
measuring minute thicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about -f^j^^dth of an Inch, which corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numberE, a dark and a color^ ring succeeding each 
other to a considerable distance from the point of contact 
In this case, however, when the rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that the outer rings crowd, upon one another, and 
cease to become visible from this cause. This effect would 
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obviously not be produced if they were formed by a solid film 
. whose thickness varied by slow gradations. Upon this prin- 
ciple, Mr. Talbot has pointed out a very beautiful method of 
exhibiting these rings with plates of glass and other sub- 
stances even of a tangible thickness. If we blow a glass ball 
80 thin that it bursts,'*' and hol(l any of the fragments in the 
light of a spirit lamp with a salted wick, or in the light of 
any of the monochromatic lamps which I have elsewhere de- 
scribed, all of whicR discharge a pure homogeneous yellow 
light, the surface of these films will be seen covered with 
fringes alternately yellow and black, each fringe marking out 
by its windings the lines of equal thickness in the glass film. 
Where the thickness varies slowly, the fringes will be broad 
and easily seen ; bat where the variation takes place rapidly, 
the fringes are crowded together, so as to require a micro- 
scope to lender them visible. If we suppose any of the films 
of glass to be only the thousandth port of an inch thick, the*" 
rings which it exhibits will belong to the 89th order ; and if 
a large rough plate of this glass could be got with its thick- 
ness descending to the millionth part of an mch by slow gra- 
dations, the whole of those 89 rings, and probably many more, 
would be distinctly visible to the eye. In order to produce 
such efiects, the light would require to be perfectly homoge- 
neous. 

The rings seen between the two lenses are equally visible 
whether air or any other gas is used, and even when there is 
no gas at all ; for the rings are visible in the exhausted re- 
ceiver of an air-pump. 



CHAP. xin. 

ON THE COLOnS OF THICK PLATES. 

(76.) The colors of thick plates were first observed and 
described by Sir Isaac Newton, as produced by concave glass 
mirrors. Admitting a beam of eolar light, R, into a dark 
room, through an aperture a quarter of an inch in diameter 
formed in the window-shutter M N,~he allowed it to fall upon 
a glass mirror, A B, a quarter of an inch thick, quicksilvered 
behind, having its axis in the direction R r, and the radius of 
the curvature of both its surfaces being equal to its distance 
behfnc? the aperture. When a sheet of paper was placed on 
tlie window-shutter M N, with a hole in it to allow the sun« 

* Films of inica answer the purpose still )>etter. 
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beam to pass, he observed the hole to be surrounded with 
four or five colored rings, with sometimes traces of a sixth 



Fig. 60. 



R 



M^ 

^ 



and seventh. When the paper was held at a greater or a lesa 
^distance than the centre of its concavity, the rings became 
more dilute, and gradually vanished. The colors of the rings 
succeeded one another like those in the transmitted system in 
thin plates, as given in column 3d of the Table in page 93. 
"When the light R was red the rings were red, and so on with 
the other colors, the rings being largest in. red and smallest 
in violet light Their diameters preserved the same proper* 
tion as tho^ seen between the object glasses ; the squares of 
the diameters of the most luminous parts (in homogeneous 
light) being as the numbers 0, 2, 4, 6, &c., and the squares of 
the diameters of the darkest parts as the intermediate num- 
bers 1, 3, 5, 7, &c. With mirrors of greater thickness the 
rings grew less, and their diameters varied inversely as tho 
square roots of the thickness of the mirror. When the quick- 
silver was removed, the rings became fainter ; and when the 
back surface of the mirror was covered with a mass of oil of 
turpentine, they disappeared altogether. These facts clearly 
prove that the posterior surface of the mirror concurs with the 
anterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam H r, 
the rings grow larger and larger as'^the inclination increases, 
and so also does the white round spot ; and new rings of color 
emerge successively out of their common centre, and the 
white spot becomes a white ring accompanying them, and the 
incident and reflected beams always fall upon the opposite 
parts of this white ring, illuminating its perimiiter like two 
mock suns in the opposite parts of an iris. The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the sur- 
facfe of the mirrpr when it was cxjvered with gauze or muslin, 
or with a skin of dried skimmed milk ; and Sir W. Hersche] 
noticed analogous phenomena when he scattered hair-powde^ 
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in the air before a concave mirror on which a beam of light 
ivas incident, and received the reflected light on a screen. 

(T7.) The method which I have found to be the most sim- 
ple for exhibiting these colors, is to place the eye immediately 
behind a small flame from a minute wick fed with oil or wax, 
80 that we can examine them even at a perpendicular inci- 
dence. The colors of thick plates may be seen even with a 
common candle held before the eye at the distance of 10 or 
12 feet from a common pane of crown ^lass in a window that 
has accumulated a little fine dust unon its surface, or that has 
on its surface a fine deposition or moisture. Under these 
circumstances they are very bright, though they may be seen 
even when the pane of glass is clean. 

The cobrs of thick plates may, however, be best displayed, 
and their theory best studied, by using two plates of glass of 
equal thickness. The phenomena thus produced, and which 
presented themselves to me in 1817, are highly beautifiil, and, 
as Mr. Herschel has shown, are admirably fitted for illus- 
trating the laws of this class of phenomena. In order to ob- 
tain plates of exactly the same thickne'ss, I formed out of the 
same piece of parallel glass two plates, A B, C D, ^pd having 
placed between them two pieces of soft wax, I pressed them 
to the distance of about one tenth 
of an inch from each other ; and by 
pressing above one piece of wax 
more than another, 1 was able to 
give tlie two plates any small incli- 
nation I chose.. Let A B, C D then 
be a section of the two plates, thus 
inclined, at right angles to the com- 
mon section of their surfaces, and 
let R S be a ray of light incident 
nearly in^a vertical direction and 
proceeding from a candle, or, what 
is better, from a circular disc of 
condensed light subtending an an- 
gle of 2° or 8°. If we place the eye behind the plates, when 
they are parallel we shall see only an image of the circular 
disc ; but when they are inclined, as in the figure, we shall 
observe in the direction V R several reflected images in a 
row besides the direct image. The first or the brightest of 
these will be seen crossed with fifteen or sixteen beautiful 
fringes or bands of color. The three central ones consist of 
blackish or whitish stripes ; and the exterior ones of brilliant 
bands of red and green light The direction of these bands 
is always p«arallel to tlie common section of tlie inclined 



Fig. 61. 
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plates. These colored bands increase in breadth by diminish- 
ing the inclination of the plates, and diminish by increasing 
their inclination. When the light of the luminous circular 
object falls obliquely on the first plate, so that the plane of in- 
cidence is at right angles to the section of the plates, th« 
fringes are not distinctly visible across any of the images; 
but their distinctness is a maximum when the plane of inci- 
dence is parallel to that section. The reflected images of 
course become more bright, and the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of inci- 
dence increases from 0° to 90°, the images that have sufiered 
the greatest number of reflexions are crossed by other fringes 
inclined to them at a small angle. If we conceal the bright 
light of the first image so as to perceive the image formed by 
a second reflexion within the first plate, and if we view the 
image through a small aperture, we shall observe colored 
bands across the first image far surpassing in precision of 
outline and richness of coloring any analogous phenomenon. 
When these fring;es are again concealed, others are seen on 
the image immediately behind them, and formed by a third 
reflexion from the interior of the first plate. 

If we bffng the plate CD a little farther to the right hand, 
and make the ray R S fall first upon the plate C D, and be^ 
afterwards reflected back upon the first plate A B, from both 
the surfaces of C D, the same colored bands will be seen. 
The progress of the rays through the two plates is shown in 
the figure. 

When the two plates have the form of concave and convex 
lenses, and are combined, as in the double and triple achro- 
matic object glass, a series of the most splendid systems of 
rings are developed; and these are sometimes crossed by 
others of a different kind. I have not yet had leisure to pub- 
lish an account of the numerous observations I have made on 
this curious class of phenomena. . 

In viewing films of blown glass in homogeneous yellow 
light, and even in common day-light, Mr. TalSjt has observed 
that when two films are placed together, bright and obscure 
fringes, or colored fringes of an irregular form, aro produced 
between them, though exhibited by neither of them separately. 
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f HAP. XIV. 

ON THE COLOB8 OF ^IBIIES AND OJIOOVED SURFACS8. 

(78:) When we look at a candle or any other luminous body 
through a plate of glass covered with vapor or witii dust in a 
finely divided state, it is surrounded with a corona or ring of 
colors, like a halo round the sun or moon. These rings inc rease 
as the size of the particles whigh produce tliem is climinished ; 
SStT their brilliancy and n ugifeg r depend on the uniform sizeiof 
these partioTesT Itlinute fiKres, such as those of silk and wool, 
produce the same series of rings, which increase as the diameter 
of the fibres is less ; and hence Dr. Young proposed an in- 
strument called an eriometer, for measuring the diameters of 
minute particles and fibres, by ascertaining the diameter of 
any one of the series of rings which they produce. For this 
purpose, he selected the limit of the first red and green ring 
as the one to be measured. The eriometer is formed of a 
piece of card or a plate of brass, having an aperture about the 
fiftieth of an inch in diameter in the centre of a circle about 
half an inch in diameter, and perforated with about eight 
small holea The fibres or particles to be measured are fixed 
in a slider, and the eriometer being placed before a strong 
light, and the eye assisted by a lens applied behind the small 
hole, the rings of colors will be seen. The slider must then 
be drawn out or pushed in till the limit of the red and green 
ring coincides with the circle of perforations, atid the mdex 
will then show on the scale the size of the particles or fibres. 
The seed of the lycoperdon bovista was found by Dr. Wol- 
laston to be the 8500dth part of an inch in diameter ; and as 
this substance gave rings which indicated 3i on the scale, it 
follows that 1 on the same scale was the 29750th part of an 
inch, or the 90,000dth part The following Table contains 
some of Dr. Young's measurements, in thirty-thousandths of 
anmch:— ^h ± .J*/^ 



Milk diluted indistinct . . 3 

Dust of lycoperdon bovista 3| 

Bollbck's blood . . . . 4^ 

Smut of barley . . . .' 6^ 

Blood of a mare . * . ^ . • 6^ 
Human blood diluted with . 

water 6 



Pus .' . . 
Silk . . . . 
Beaver's wool 
Mole's fur .' . 



n 

12 
13 
16 
12 



Shawl wool 19 

Saxon wool 22 

Lioneza wool 25 

Alpacca wool 26 

Farina of laurestiwus . . 26 

Ryeland Merino wool . . 27 

Merino South Down . . 28 

Seed of lycopodium ... 32 

South Down ewe .... 39 

Coarse wool ..... 46 

Ditto fixun some worsted . 60 



\ 



i 102 A TBEATISE OIS OPTICS. PABT II* 

♦ (79.) By observing the colors produced by reflexion from 

d the fibres which compose the crystallijie lenses of the eyes of 

P fishes and other animals, I have been aole to trace these fibres 

to their origin, and to determine the number of poles or septa 

to which they are related. The same mode of observation, 

and the measurement of the distance of the first colored 

image from the white image, lias enabled me to determine the 

k^ diameters of the fibres, and to prove that they all taper like 

needles, diminishing gradually from the equator to the poles 

. of the lens, so as to allow them to pack into a spherical su- 

m. perficies as they converge to their poles or points of origin, 

^ These colored images, produced by the fibres of the lens, lie 

in a line perpendicular to the direction of the fibres, and by 

taking an impression on wax from an indurated lens tiie colors 

^ are communicated to the wax. In several lenses I observed 

colored images at a great distance from the common image, 

,| but lying in a direction coincident with that (^ the fibres; and 

\ from this I inferred, that the fibres were crossed by joints or 

^ lines, whose distance was so small as the li,000dth part of aa 

^ inch ; and I have lately found, by the use of very powerful 

j ^ microscopes, that each fibre has in this case teeth like those 

I of a rack, of extreme minuteness, the colors being produced 

I by the lines which form the sides of each tooth. 

(80.) In the same class of phenomena we must rank the 
principal colors of mother-of-pe^l. This substance, Obtained 
from the shell of the pearl oyster, has been long employed in 
the arts, and the fine play of its colors is therefore well known. 
fc Q ^ In order to observe its colors, take a plate of regularly formed 
1%?^ mother-of-pearl, with its surfaces nearly paraUel, and grind 

fSr A " these surfaces upon a hone or upon a plate of glass with the 
powder of schistus, till tlje image of a candle reflected from 
the surfaces is of a dull reddish-white color. If we now place 
the eye near the plate, and look at this reflected image, C> we 

Fig. ca 



M 



shall see on one side of it a prismatic image. A, glowing witit 
all the colors of the rainbow, and formmg indeed a spectrirm 
of the cajttdle as distinct as if it had been formed by an ©qui- 
Itfteral prism of flint glass. The blue sidfe of this image is 
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next the image C, and the distance of the red part of the 
image is in one Fpecimen 7^ 22' ; but this angle varies even 
in the same specimen. *Upon first looking into the mother-of^ 
pearl, the image A may be above or below C, or on any side 
of it ; but, by turning the specimen round, it may be brought 
either to the ri^ht or left hand of C. The distance A C ia 
smallest when me light of the candle falls nearly perpen- 
dicular on the surface, and increases as tlie inclination of the 
incident ray is increased. In one specimen it was 2^ 7' at 
nearly a perpendicular incidence, and 9° 14' at a very great 
obliquity. 

On the outside of the image A there is invariably seen a 
mass, M, of colored li^ht, whose distance M C is nearly double 
AC. These three images are always nearly in a straight 
iine, but the angular distance of M varies with the angle of 
incidence according to a law different from that of A. At 
great angles of incidence the nebulous mass is of a beautiful 
crimson color ; at an angle of about 37° it becomes green ; 
and nearer the perpendicular it becomes yellowish-white, and 
very luminous. 

11" we now polish the surfiice of the mother-ol-pearl, ^the 
ordinary image C will become brighter and quite white, but a 
second prismatic image, B, wiU start up on the other side of 
C, and at the same distance from it. 

This second image has in all other respects the same pro- 
perties as the first. Its brightness increases with the polish 
of the surface, till it is nearly equal to that of A, the lustre 
of which is slightly imjMiired by polishing. This second 
image is never accompanied, like the first, with a nebulous 
mass M. If we remove the pblish, the image B vanishes, and 
A resumes its brilliancy. The lustre of the nebulous mass M 
is improved by polisliing. 

If we repeat these experiments on the opposite side of tlie 
specimen, the very same phenomena will be observed, with 
this difference only, that the images A and M are on the op- 
posite side of C. 

In looking through the mother-of-pearl, when ground ex- 
tremely thin, nearly the same, phenomena will be observed. 
The colors and the distances of the images are the same ; but 
the nebulous mass M is never seen by transmission. When 
the second image, B, is invisible by reflexion, it is exceedingly 
bright when seen by transmission, and vice versd, 

m making these experiments, I had occasion to fix the 
mother-of-pearl to a goniometer with a cement of resin and 
bees'-wax ; and upon removing it, I was surprised to see the 
vhole 8ur&ce of the wax shining with the prismatic colors of 
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the mother-of-pearl. I at first thought that a small film of the 
substance had been left upon the wax ; but this .was soon 
found to be a mistake, and it became manifest that the mother- 
of-pearl really impressed upon the cement its own power of 
producing the colored spectra. When the unpolished mother- 
of-pearl was impressed on the wax, the wax gave only one 
image, A ; and when the polished surface was used, it gave 
both A and B : but the nebulous image M was never exhibited 
by the wax. The images seen in the wax are always on the 
opposite side of C, from what they are in the surface that id 
impressed upon it. 

The colors of mother-of-pearl, as communicated to a soft 
surface, may be best seen by using black wax ; but I have 
transferred them also to balsam of Tolu, realgar, fusible 
■ metal, and to clean surfaces of lead and tin by hard pressure, 

or the blow of a hammer. A solution of gum arabic or of 
isinglass, when allowed to indurate upon a surface of mother- 
^ of^pearl, takes a most perfect impression from it, and exhibits 

all the communicable colors in the finest manner, when seen 
either by reflexion or transmission. By placing the isinglads 
' between two finely polished surfaces of good * specimens of 

I mother-of-pearl, we shall obtain a film of artificial mother-of- 

pearl, which when seen by single lights, such as that of a 
, candle, or by an aperture in the window, will shine with the 

.' brightest hues. 

i If, in this experiment, we could make the grooves of the 

u one surface of mother-of-pearl exactly parallel to the grooves 

in the other, as in the shell itself, the images, A and B, formed 
by each surface, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
done, four images are seen through the isinglass film, and 
also four by reflexion ; the two new ones being formed by re- 
flexion from the secotid surface of the film. 

From these experiments it is obvious that the colors under 
)ur consideration are produced by a particular configuration 
of surface, which, like a seal, can convey a reverse impres- 
sion of itself to any substance capable of receiving it By 
examining this surfiice with microscopes, I. discovered in 
almost every specimen a grooved structure, like the delicate 
texture of the skin at the top of an infiint*s finger, or like the 
section of the annual growths of wood, as seen upon a dressed 
plank of fir. These may sometimes be seen by the naked eye, 
but they are oflen so minute that 3000 of them arc contained 
in an inch. The direction of the grooves is always at right 
angles to the line M A C B, Jig. 62. ; and hence in irregularly 
formed mother-of-pearl, where the grooves are oflen circular, 
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aod having every possible direction, the colored images A, B 
are irregularly scattered round the common image C. If the 
grooves Were, accordingly, circular, the series of prismatic 
images, A B, would form a prismatic ring round C, provided 
the grooves retained the same distance. The general distance 
of the grooves is from the .200th to the 5000th of an inch, and 
the distance of the prisQiatic images from C increases as the 
grooves become closer. In a specimen with 2500 in an inch, 
the distance A C was 3° 41' ; and in a specim^i of about 
5000 it was about 7? 22'. 

These grooves are obviously the sections of all the con- 
centric strata of the shell. When w^e use the actual surface 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the principal image C. Hence we see the reason why the 
pearl gives none of the images A, B, why it communicates 
none of its colors to wax, and why it shines with that delicate 
white light which ^ives it all its value. The pearl is formed 
of concentric spherical strata, round a central nucleus, which 
Sir Everard Home conceives to be one of the ova of the fish. 
None of the edges of its strata are visible, and as the strata 
have parallel sui^ices, the mass of light M is reflected exactly 
like the image C, and occupies its place; whereas in the 
mother-of-pearl it is reflected from suifaces of the strata, in- 
clined to the general surface of the specimen which reflects 
the image C. The mixture of all these difluse masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tiful white of the pearls. In bad pearls, where the colors are 
too blue or too pink, one or other of these colors has pre- 
dominated. If we make an oblique section of a pearl, so as 
to exhibit a sufficient number of concentric strata, with their 
edges tolerably close, we should observe all the communicable 
colors of mother-of-pearl.* 

These phenomena may be observed in many other shells 
besides that of the pearl-oyster ; and in every case we may 
distinguish communicable from incommunicable colors, by 
placing a film of fluid or cement between the surface and a 
plate of glass. The communicable colors will all disappear 
from the filling up of the grooves, and the incommunicable 
colors will be rendered more brilliant 

(81.) Mr. Herschel has discovered in very thin plates of 
mother-of-pearl another pair of nebulous prismatic images, 
more distant from C than A and B, and also a pair of fainter 
nebulous images, the line joining which is always at right 

* See Edin9^rgh Journal qfScimc^t No. XII., p. 277. 
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angles to the line joining the first pair.* I'hese images are 
seen by looking through a thin piece of mother-of-pearl, cut 
parallel to the natural surface of the shell, and between the 
vOth and the 300dth of an inch thick. They are much larger 
than A and B ; and Mr. Herschel found that the line joining 
them was always perpendicular to a veined structure which 
.goes through its substance. The distance of the red part of 
the image from C was found to be 16° 29', and the veins 
which produced these colors were so small that 37G0 of them 
were contained in an inch. We have represented them in 
Jig, 63. as crossing the ordinary grooves which give the com- 
municable colors. Mr. Herschel describes them as crossing 

Fig. 63. 




these grooves at all angles, '* giving the whole surface much 
the appearance of a piece of twilled silk, or the larger waves 
of the sea intersected with minute ripplinga" The second 
pair of nebulous images seen by transmission must arise from 
a veined structure exactly perpendicular to the first, though 
the structure has not yet been recognized by the microscope. 
The structure which produces the lightest pair I^r. Herschel 
has found to be in all cases cpincident with the plane passing 
through the centres of the two systems of polarized rings. 

The principle of the production of color by grooved sur- 
faces, and of the 6ommunicability of these colors by pressure 
to various substances, has been happily applied to the arts by 
John Barton, Esq. By means of a delicate engine, operating 
by a screw of the most accurate workmanship, he has suc- 
ceeded in cutting grooves upon steel at the distance of from 

* In a specimen now before us, the line joining the two faintest ncbuloua 
images is at right angles to the line joining A and B. . 
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the 2000th to the 10,000th of an inch. These lines are cut 
with the point of a diamond ; and such is their perfect paral- 
lelism and the uniformity of their distance, that while in 
mother-of-pearl we see only one prismatic ima^e, A, on each 
side of the common image, C, of the candle, in the grooved 
steel surfaces 6, 7, or 8 prismatic images are seen, consisting 
pf spectra, as perfect as those produced hv the finest prisms. 
Nothing in nature or in art can surpass this brilliant display 
of colors ; and Mr. Barton conceived the idea of forming but- 
tons &r gentlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, and 
shining in the light of candles or lamps with all the hues of 
the spectrum. To these he gave the appropriate name of IrU 
ornaments. In forming the buttoi^, the patterns were draw .•< 
on steel dies, and these, when duly hardened, were used t. 
stamp their impressions upon polished buttons of brass. I: 
day-light the colors on these buttons are not easily distinguish 
ed, unless when the surface reflects the margin of a dark ob 
ject seen against a light one ; but in the light of the sun, anc 
that of gas-flame or candles, these colors are scarcely if at a.. 
surpassed by the brilliant flashes of the diamond. 

The grooves thus made upon steel are, of course, all trans-- 
ferable to wax, isinglass, tin, lead, and other substances; and 
by indurating thin transparent films of isinglass between two 
of these grooved surfaces, covered with lines lying in all di- 
rections, we obtain a plate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining the phenomena produced by some ot 
the finest specimens of Mr. Barton's skill, which he had the 
kindness to execute for this purpose, I have been led to the 
observation of several curious properties of light In mother- 
of-pearl, well polished, the central imag6, C,^of the candle or 
luminous object is always white, as we should expect it to be. 
In consequence of being reflected from the flat and polished 
surfaces between the grooves. In like manner, in many 
specimens of grooved steel the image C is also perfectly 
white, and the spectra on each side of it, to the amount of six 
or eight, are perfect prismatic images of the candle; the 
image A, which is noarest C, being the least dispersed, and 
all the rest in succession more and more dispersed, as if they 
were formed by prisms of greater and greater dispersive 
powers, or greater and greater refracting angles. These spec- 
tlu contain the fixed lines and ail the pridmatic colors ; but the 
red or least refimngible spaces are greatly eoopanded, and the 
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violet or most refrangible spaces greatly contracted, even more 
than in the spectra produced by sulphuric acid. 

In examining some of these prismatic images which seemea 
to be defective in particular rays, I was surprised to find tliat, 
in the specimens which produced them, the image C reflected 
from the polished original surface of the steel was itself 
slightly colored ; that its tint varied with the angle of inci- 
dence, and had some relation to the defalcation of color in the 
prismatic images. In order to observe these phenomena 
through a great range of incidence, I substituted for the can- 
dle a long narrow rectangular aperture, formed by nearly 
closing the window-shutters, and I then saw at one view the 
state of the ordinary image and all the prismatic images. In 
order to understand this, let AB, j/?^.64, be the ordinary 

Fiff.M. 



n-W^ 



Or , a a 



^r^^rvfinT^ 



mJp 



image of the aperture reflected from the flat surface of the 
steel which lies between the grooves, and a 6, a' b\ a" b'\ &c., 
the prismatic images on each side of it, every one of these 
images forming a complete spectrum with all its different 
colors. The image A B was crossed in a direction perpen- 
dicular to its length with broad colored fringes, varying in 



White - - - 90° 0' 
Yellow - - . - 80 30 
Reddish orange - - 77 30 
Pink ----- 76 20 
Junction of pink and > ^f. ^/v 

blue - - - \^^^ 
Brilliant blue - - 74 30 
Whitish - . - - 71 
Yellow . - - - 64 45 
Pink ----- 59 45 
Junction of pink and ) rq m 

blue - - . i^^^ 
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their tints from (P to 90° of incidence. In a specimen with 
1000 grooves in an inch, the ibUowing were the colors di9> 
tinctly seen at difierent angles of incidence : — 

Aaflc or larUeac*. 

Blue 56° 0* 

Bluish green - - 54 30 

Yellowish green - 53 15 

Whitish green - - 51 

Whitish yellow - - 49 

Yellow - - - - 47 15 

Pinkish yellow - - 41 

Pink red - - . - 36 

Whitish pink - '- 31 

Green ... - 24 

Yellow - - - - 10 

Reddish - - - - 

These colors are those of the reflected rings in thin plates. 
If we turn the steel plate round in azimuth, the very same 
colors appear at the same angle of incidence, and they suffer 
no change either by varying the distance of the steel plate 
from the luminous aperture^ or the distance of the eye oftKe 
observer from the grooves. 

In the preceding table there are four orders of colors ; but 
in some specimens there are only three, in others two, in 
others one, and in some only one or two tints of the first order 
are developed. A specimen of 500 grooves in an inch gave 
only the yellow of the first order through the whole quadrant 
Df incidence. A specimen of 1000 grooves gave only one 
complete order, with a portion of the next A specimen of 
3333 grooves gave only the yellow of the first order. A spe- 
cimen of 5000 gave a little more than one order ; and a spe- 
cimen of 10,000 grooves in an inch gave also a little more 
than one order. 

In Jig. 64. we have represented the portion of the quadrant 
of incidence from about 22° to 76°. In the first spectrum, 
a 6 a 6, u 1? is the violet side of it, and r r the red side of it, 
and between these are arranged all the other colors. At m, 
at an incidence of 74°, the violet light is obliterated fi-om the 
spectrum a b ; and at n, at an incidence of 66°, the red rays 
are obliterated ; the intermediate colors, blue, green, &c., being 
obliterated at intermediate points between m and n. In the 
second spectrum, a' b' a' b% the vixjUet rays are obliterated at 
m' at an incidence of 66° 20', and the red at n' at an inci- 
dence of 56°. In the third spectrum, a" b" a" b", the violet 
mys are obliterated at m" at 57^, and the red at n" at 41° 
* K 
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t)5'; and in the fourth spectrum, the violet rays are oblit- 
erated at m!" at 48°, and the red at n'" at 23° 30". A simi- 
lar succession of obliterated tints takes place on all the pris- 
matic images at a lesser incidence, as shown at /* vi /*'»''; the 
violet being obliterated at /< and /t', and the red at v and i/, and 
the intermediate colors at intermediate points. In this 
second succession the line /i v begins and ends at the same 
angle of incidence as the line m" n" in the third prismatic 
image a" b", and the line /<' i/ in the second prismatic image 
corresponds with m'" n'" on the fourth prismatic image. In 
all these cases, the tints obliterated in the direction mn fiv, 
&c., would, if restored, form a complete prismatic spectrum 
whose length is nin nvf &c. 

Considering the ordinary image as white, a similar oblitera- 
tion of tints takes place upon it The violet is obliterated at 
o about 76°, leaving pink, or what the violet wants of white 
light ; and the red is obliterated at p at 74°, leaving a bright 
blue. The violet is obliterated at q and 5, and the red at r 
and /, as may be inferred from the preceding Table of colors. 
The analysis of these curious and apparently complicated 
phenomena becomes very simple when they are examined by 
homogeneous light The effect produced on red light is re- 
presented in Jig. 65., where A B is the image of the narrow 
1!^^. 65. aperture reflected from the original 

A surface of the steel, and the four images 

on each side of it correspond with the 
prismatic images. All these nine 
, images, however, consist of homogene- 
ous red light, which is obliterated, or 
nearly so, at the fifteen shaded rectan- 
gles, which are the minima of the new 
series of periodical colors which cross 
both the ordinary and the lateral images. 
The centres p, r, t, n, v» &c., of these 
rectangles correspond with the points 
marked with the same letters in Jig-. 
64.; and if we had drawn the same 
figure for violet light, the centres of 
the rectangles would have been all 
higher up in the fi^re, and would 
have corresponded with o, q, s, m, fi, 
&c. in Jig, 64. The rectangles should 
have been shaded off to represent the 
phenomena accurately, but the only 
object of the figure is to show to 
the eye the Do^tioa and relations of 
the minima. 
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If we cover the surface Cf the grooved steel with a fluid, 
90 as to diminish the refractive power of the surface, we de 
velope more orders of colors on the ordinary image, and a 
greater number of minima on the lateral images, higher tints 
being produced at a given incidence. But, what is very re- 
markable, in grooved surfaces when the ordinary image is 
perfectly white, and when the spectra are complete without 
any obliteration of tints, the application of fluids to the 
j^ooved surface developes colors on the ordinary image, and a 
corresponding obliteration of tints on the lateral images. The 
following Table contains a few of the results relative to the 
ordinary image : — 



NamtMr of 

groove* in 

■n inck. 


Maxlanm tint 
without a fluid. 


Mnimnm Unt with flnldi. 


312. 
3333 


Perfectly white. 

1 Gamboge yellow 
I of the first order. 


e 1. Water, tinge of yellow 
1 2. Alcohol, tinge ol yellow. 

a Oil of cassia, faint reddish yellow, 
f 1. Water, pinkish red (first order), 
j 2. Alcohol, reddish pink. 
1 3. Oil of cassia, bright blue (second 
L order). 



Phenomena analogous to those above described take place 
upon the grooved surfaces of gold, silver, and calcareous 
spar ; and upon the surfaces of tirit isinglass, realgar, &c., 
to which the grooves, have been transferred from steel. For 
an account of the phenomena exhibited by several of these 
substances, I must refer the reader to the original memoir in 
the Philosophical Transactions for 1629. 



CHAP. XV. 

ON FFTS OF REFLEXION AND TRANSMISSION, AND ON THE 
INTERFERENCE «OF LIGHT. 

(83.) In the preceding chapters we have described a very 
extensive class of phenomena, all of which seem to have the 
same origin. From his experiments on the colors of thin and 
of thick plates, Newton inferred that they were produced by 
a singular property of the particles of light, in virtue of 
which they possess, at different points of their path, fits or 
dispositions to be reflected from or transmitted by transparent 
bodies. Sir Isaac does not pretend to explain the origin of 
these fits, or the cause which produces them ; but we may 
form a tolerable idea of them by supposing that each particl© 
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of liffht, after its dischajge from a luminous body, revcdves 
jound an axis perpendicular to the direction of its motion, and 
presenting alternately to the line of ita^ motion an attractive 
and a repulsive pole, in virtue of which it will be refracted if 
the attractive pole is nearest any refracting surface on which 
it falls, and reflected if the repulsive pole is nearest that sur- 
fiice. The disposition to be refracted and reflected will of 
course increase and diminish as the distance of either pole 
from the surface of the body is increased or diminished. A 
less scientific idea may be formed of this hypothesis, by sup^ 
posing a body with a sharp and a blunt end passing through 
space, and successively presenting its sharp and blunt ends to 
the line of its -motion. When the sharp end encounters any 
soft body put in its way, it will penetrate it ; but when the 
blunt end encounters the same body, it will be reflected or 
driven back. 

To explain this more clearly, let R^fg. 66., be a ray of 
Jght falling upon a refracting surface M^, and transmitted 
" "" by that suHace. It is clear that it must 

have met the surface M N when it was 
nearer its fit of transmission than its fit of 
reflexion ; but whether it was exactly at its 
fit of transmission, or a little from it, it is 
put, by the action of the surface, into the 
same state as if it had begun its fit of trans- 
mission at t Let us suppose that, after it 
has moved through a space equal to ir, its 
fit of reflexion taJ^es place, the fit of trans- 
il^ mission always recommencing at 1 1', &c. 

and that of reflexion at r r', &c. ; then it is obvious, that if 
the lay ineets a second transparent surface at 1 1', &;c., it will 
be transmitted, and if it meets it at r r', &.C., it will be reflected. 
The spaces 1 1', t' t" are called the intervals of the fits of 
transmission, and r r', r' r" the intervals of the fits of re- 
flexion. Now, as the spaces 1 1\ r r', &c. are supposed equal 
for light of the same colors, it is manifest that, if M N be the 
^first surface of a body, the ray will be transmitted if the 
thickness of the body is 1 1', 1 1", &c. ; that is, tt',2t t', 3 ft', 
4 1 1', or any multiple whatever of the interval of a fit of easy 
transmission. In like manner the ray will be reflected if the 
thickness of the body iatr^tr'; or, since tt' ia equal to r r', 
if the thickness of the body is ^tV, l^t V, 2| tt', S\t V. 
If the body M N, therefore, had parallel "surfaces, and if the 
eye were placed above it so as to receive the rays reflected 
perpendicularly, it would, in every case, see the surface M N 
by the portion of light uniformly reflected from that surface ; 
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but when the thickness of the body was 1 1\ 2 tt\^t t\ 4 / V 
or 1000 1 1\ the eve would receive no rays from the second 
surface, because they are all transmitted ; and in like manner,^ 
if the thickness was 1 1 1\ li i t\ 2\ 1 1\ or 10Q0| t V, the eye 
would receive all thelight reflected from the second surface, 
because it is all reflected. When this reflected light meets 
the first surface M N, on its way to the eye, it is all trans- 
mitted, because it is then in its fit of transmission. Hence, 
in the first case, the eye receives no light from the second 
surface, and in the second case, it receives all the light from 
the second surface. If the body had intermediate tliicknesses 
between t V and 2 t <', &c., as ^ tt\ then a portion of the 
light would be reflected from the second surface, increasing 
as the thickness increased from tV XaX^t t\ and diminishing 
again as the thickness increased from \\tV Xd2 tV. 

But let us now suppose that the plate whose surfiice is MN 
is unequally thick, like the plate of air between the two 
lenses, or a film of blown glass. Let it have its thickness 
varying like a wedge M N P^fig* 67. Let 1 1\ rr' be the in- 
tervals of the fits, and let the eye be placed above the wedge 
as before. It is quite clear that near the point N the light 
that falls upon the second surface N P will be all transmitted, as 
it is in a fit of transmissi(Mi ; but at the thickness t r the light 
R will be reflected by the second surface, because it is then 
in its fit of reflexion. In like manner the light will be trans- 
mitted at t', again reflected at r*, and again transmitted at t" ; 
so that the eye above M N will see a series of dark and 
luminous bands, the middle of the dark ones being at N, t\ t" 
in the line N P, and of the luminous ones at r, r', &c. in the 

Fig. 67. 




same line. Let us suppose that the figure is suited to r6d 
homogeneous light, 1 1' being the interval of a fit for that 
species of rays; then in violet light, V, the interval of the fits 
w^ill be less, as rp. If we therefore use violet light, the ia- 
K2 
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terval of whose fits is rp, a smaller series of violet and ob^ 

acure bands or fringes will be seen, whose obscurest points * 

are at N, r", r", &c., and whose brightest points are at p> V« 1 

4^'C. In like manner, with the intermediate colors of the I 

spectrum, bands of intermediate magnitudes will be formed, 

having their obscurest points between r' and t', r" and i", and I 

tiieir Dri^htest points between p and r, p and r', &c. ; and J 

when white light is used^ all these differently colored bands 

will be seen forming fringes of the different orders of colors 

given in the Table in page 93. If M N P, in place of being 
le section of a prism, were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sur- 
face has an oblique direction somewhat like N P, the direction 
of the colored bands will always be perpendicular to the 
radius N M, or will be regular circles. For the same reason, 
the colored bands are circular in the concave lens of air be- 
tween the object glasses; the same colors always appearing 
at the same thickness of the medium, or at the same distance 
from the centre. 

By the same means Sir Isaac Newton explained the colors 
of tiick plates, with this difference, that the fringes are not 
in that case produced by the light regularly refracted and re- 
flected at the two surfaces of the concave mirror, but by the 
light irregularly scattered by the first surface of the mirror 
in consequence of its. imperfect polish ; for, as he observes, 
'* there is no glass or speculum, how well soever polished, but, 
besides the light which it refracts and reflects regularly, 
scatters every way irregularly a faint light, by means of 
which the polished surface, when illuminated in a dark room 
by a beam of the sun's light, may be easily seen in all posi- 
tions of the eye." 

The same theory of fits affords a ready explanation of the 
phenomena of double and equally thick plates, which we have 
described in another chapter. There are other phenomena 
of colors, however, to which it is not equally applicable ; and 
it has accordingly been, in a great measure, superseded by, 
the doctrine of interference, which we shall now proceed .' 

to explain. J 

^ (83.) In examinmg the black and white stripes within the d 

shadows of bodie& as formed by inflexion. Dr. young found - ^ 

tJiat when he placed an opaque screen either a few inches be- 
fore or a few inches behind one side of the inflecting body, B, 
Jig. 56., so as to intercept all the light on that side by receiv- 
ing the edge of the shadow on the screen, then all the fringes 
in the shadow constantly disappeared, although the light ^1 
passed by the other edge of the body as be£bre. Hence he 
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concluded that the light which passed on both sides was ne- 
cessary to the production of the fringes; a conclusion which 
he might have deduced also from the known fact, that when 
the b«ly was above a certain size, fringes never appeared in 
its shadow. In reasoning upon this conclusion, l)r. Young 
was led to the opinion, that the fringes within the shadow 
were produced by the interference of the rays bent into the 
shadow by one side of the body B with the rays bent into the 
shadow by the other side. 

In order to explain the law of interference indicated m this 
experiment, let us suppose two pencils of light to radiate from 
two points very close to each other, and that this li^ht falls 
upon the same spot of a piece of paper held parallel to the 
line joining the points, so that the spot is directly opposite the 
point which bisects the distance between the two radiant 
points. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and w^ould diverge from one 
another. The spot will, therefore, be illuminatS with the 
sum of their lights ; and in this case the length of the paths 
of the two pencils of light is exactly the same, the spot on 
the paper being equally distant from both the radiant points. 
Now, it has been found that when there is a certain minute 
di^rence between the lengths of the paths of the two pencils 
of li^ht, the spot upon the paper where the two lights inter- 
fere IS still a bright spot illuminated by the sum of the two 
lights. If we call this difference in the lengths of tlieir paths 
(2, bright spots will be ibrmed by the interference of the two 
pencils when the diiierences in the lengths of the paths are 
<f , 2 c^, 3 (/, 4 d, &c. All this is nothing more than what is 
consistent with daily observation ; but, what is truly remark-^ 
able and altogether unexpected, it has been clearly demon-'' 
Btrated that if the two pencils interfere at intermediate points, 
or when the difference in the lengths of the paths of the two 
pencils is \ d, 1^ d,2^d,Si d, &c. instead of adding to one 
^another's intensity, and producing an illumination equal to the 
sum of their lights, tJiey destroy each other ^ and produce a 
dark spot This curious property is analogous to the beating 
of two musical sounds nearly in unison with each other ; the 
beats taking place when the effect of the two sounds is equal 
to the sum of their separate intensities, corresponding to the 
luminous spots or fringes where the effect of the two lights is 
equal to the sum of their separate intensities, and the cessa- 
tion of sound between the beats when the two sounds destroy 
each other, corresponding to the dark spots ot fringes where 
the two lights produce darkness. 
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By the aid of this doctrine the phenomena of the inflexion 
of light, and those of thin and thick plates, may be well ex- 
plained. With regard to the interior fringes, or those in the 
shadow, it is clear that as the middle of the shadow is equally 
distant from the edges of the inflecting body B, fig. 56., there 
will be no difference in the length of the paths of the pencils 
coming from each side of the body, and consequently along 
the middle of the whole length of every narrow shadow there 
should be a white stripe illuminated with the sum of the two 
mflected pencils ; but at a point at such a distance from the 
centre of the shadow that the difference of the two paths of 
the pencil from each side of the body is equal to ^ <2, the two 
pencils will destroy each other, and give a dark stripe. Hence 
there will be a dark stripe on each side of the central bright 
one. In like manner it may be shown, that at a point at such 
a distance from the centre of the shadow that the difference 
in the lengths of the paths is 2 c{, 3 d, there will be bright 
stripes; and at intermediate points, where the difference in 
the lengths of the paths is 1^ c2, 2^ <2, there will be dark 
stripes.* 

In order to explain the origin of the extemsil fringes, both 
Dr. Young and M. Fresnel ascribed them to the interference 
of the direct rays with other rays reflected from the margin 
of the inflecting body ; but M. Fresnel has' found that the 
fringes exist when no such reflexion can take place ; and he 
has, besides, shown the insufliciency of the explanation, even 
if such reflected rays did exist. He therefore ascribes the ex- 
ternal fringes to the interference of the direct rayS with other 
rays which pass at a sensible distance from the inflecting body, 
and which are made to deviate from their primitive direction. 
That such rays do exist, he proves upon the undulatory theory, 
which we shall afterwards explain. 

The phenomena of thin plates are admirably explained by 
the doctrine of interference. The light reflected from the 
second surface of the plate interferes with the light reflected 
from the first, and as^hese two pencils of light come from di^ 
ferent points of space, they must reach the eye with different 
lengths of paths. Hence they will, by U^eir interference, form 
luminous fringes when the difference of the paths is d,2d^ 
3 d, &c., and cSiscure fringes when that difl;erence is ^ c^, 14 iL 
2i(«,3Jd,&c. 

In accounting for the colors of thick plates observed by 
Newton, the light scattered irregularly from every point of 
the first surface of the concave mirror falls diverging on the 

* See Note No. V., by Am. ed., following the auUior*s Appendix. 
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seooDd sur&ce, and being reflected froni this surface in lines 
diverging from a point behind, they will sufier refraction in 
c(Hning out of the first surface of the mirror, being made to 
diverge as if from a point still nearer the mirror, but behind 
its surface. From this last point, therefore, the screen M N, 
in fig. 60., is illuminated by the rays originally scattered on 
entering the first surface. But when the regularly reflected 
light, aner reflexion from the second surface, emerges from 
the first, it will be scattered irregularly from each point on 
that sui^e, and radiating from these points will illuminate 
the paper screen M N. Every point, therefore, in the paper 
screen is illuminated by two kinds of scattered light, the one 
radiating firom each point of the first surface, and the other 
ftom points behind the second surfiice ; and hence bright and 
obscure bands will be formed when the diflerences of the 
lengths of their paths are such as have been already de- 
scribed. 

The colors of two equally thick and inclined plates are also 
explicable by the law of interference. Although the light re- 
flected by the different surfaces of the ];date emerges parallel 
as shown in fig, 61., vet in consequence of the inclination oi 
the plates it reaches the eye by paths of different lengths. 

The colors of fine fibres, of minute particles, of mottled and 
striated surfaces, and of equidistant paralld lines, may be all 
referred to the interference of diflerent portions of light 
reaching the eye by paths of diflferent lengths ; and though 
some difficulties still exist in the application of the doctrine to 
particular phenomena that have not been sufiiciently studied, 
yet there can be no doubt that these difficulties will be re- 
moved by closer investigation. 

As all the phenomena of interference, are dependent upon 
the quantity (2, it becomes interesting to ascertain its exact 
magnitude for the diferently colored rays, and, if possible, to 
trace its origin to some primary cause. It is obvious, as 
Fraunhofer has remarked, that this quantity <2 is a real abso» 
lute magnitude, and whatever meaning we may attach to it, 
it is demonstrable that one half (^ it, in reference to the phe- 
nomena produced by it, is opposed in its properties to the other 
half; so that if the anterior half combines accurately with 
the posterior half, or interferes with it in this manner under a 
small angle, the efiect which would have been produced by 
each separately is destroyed, whereas the same effect, is 
doubled if two anterior or Iwo posterior halves of this mag- 
nitude combine or interfere in a similar manner. 

(84.) In the Newtonian theory of light, or the theory of 
emission, as it is called, in which light is supposed to consist 
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of material particles emitted by luminous bodies, and moving 
through space with a velocity of 192,000 miles in a second, 
the quantity d is double tlie interval, of the fits of easy re- 
flexion and transmission ; while in the undulatory theory it is 
equal to the breadth of an undulation or wave of light 

In the undulatory theory, an exceedingly thin and elastic 
medium, called ether, is supposed to fill all space, and to oc- 
cupy the intervals between the particles of all material bodiea 
I'he ether must be so extremely rare as to present no appre- 
ciable resistance to the planetary bodies which move freely 
through it 

The particles of this ether are, like those of air, capable of 
being put into vibrations by the agitation of the particles of 
matter, so that waves or vibrations can be propagated through 
it in all directiona Within refracting media it is less elastic 
than in vacuo, and its elasticity is less in proportion to the re- 
fractive power of the body. 

When any vibrations or undulations are popagated through' 
this ether, and reach the nerves of the retina^ they excite the 
sensation of light, in the same manner as the sensation of 
eound'is excit^ in the nerves of the ear by the vibrations of 
the air. 

Differences of color are supposed to arise from differences 
in the frequency of the etheriaJ undulations ; red being pro- 
duced by a much smaller number of undulations in a given 
time than hive, and intermediate colors by intermediate num- 
bers of undulation& 

Each of these two theories of light is beset with difficulties 
peculiar to itself; but the theory of undulations has made 
great progress in modern times, and derives such powerful 
support from an extensive class of phenomena, that it has been 
received by many of our most distinguished philosophers. 

In a work like this it would be in vain to attempt to give ^ 
a particular account of the principles of this theory. It may 
be sufficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of undula- 
tion. When similar waves are combined, so that the eleva- 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produce^ ; whereas, 
when the elevations of Uie one coincide with tlie depressions 
of the other, both systems of waves will be totally destroyed. 
** The spring and neap tides," says Dr. Young, ** derived from 
the combination* of the simple soli-lunar tides, aflbrd a mag- 
nificent example of the interference of two immense waves 
with each other ; the spring tide being the joint result of the 
combination when they coincide in time and place, and the 
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neap tide where they succeed each other at the distance of 
half an interval, so as to leave the effect of their difference 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a different modifica- 
tion of the same opposition of undulations ; the ordinary pe- 
riods of high and low water being altogether superseded on 
account of the difierent lengths of the two channels by which 
the tides arrive, affording exactly the half interval which 
causes the disappearance of the alternation. It may also be 
very easily observed, by merely throwing two^equal stones 
into a piece of stagnant water, that the circles of waves which 
they occasion obliterate each other, and leave the surface of 
the water smooth in certain lines of a hyperbolic fonn, while 
in other neighboring parts the surface exhibits the agitation 
belonging to both series united." 

The following Table given by Mr. Herschel contains the 
principal data of the undulatory theory : — 



Colon tt the Speetram. 


LFimUM of u Uik- 
dulation In pui* 
oraolneh in air 


Number of 
Cndolatloa* 
in ui Inch 


HuaberorUndnMioMiaa 

BccomL* 


Extreme red . 


0-000U2b6 


37640 


458,000000,000000 


Red . . . 


0-0000256 


39180 


477,000000,000000 


Intermediate . 


0-0000246 


40720 


495,000000,000000 


Orange . . 


0-0000240 


41610 


506,000000,000000 


Litermediate . 


0-0000235 


42510 


517,000000,000000 


Yellow. . 


0-0000227 


44000 


535,000000,000000 


Intermediate . 


0-0000219 


45600 


555,000000,000000 


Green 


0-0000211 


47460 


577,000000,000000 


Intermediate . 


0-0000203 


49320 


600,000000,000000 


Blue. . . 


0-0000196 


51110 


622,000000,000000 


Intermediate . 


0-0000189 


52910 


644,000000,000000 


Indigo . . 


0-0000185 


54070 


658,000000,000000 


Intermediate . 


0-0000181 


55240 


672,000000,000000 


Violet . . 


0-0000174 


57490 


699,000000,000000 


Extreme violet 


0-0000167 


59750 


727,000000,000000 



" From £Ris Table," says Mr. Herschel, " we see that tlie 
sensibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1*58 : 1, and therefore less than an octave, and about 
equal to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and time, is not 
a little wonderful ; for it may be observed, whatever theory 
of light we adopts these periods and these spaces have a real 
existence, being in fact deduced by Newton from direct mea- 
surements, and involving nothing hypothetical but the names 
here given them." 

•Taking the velocity of light at 192,000 miles per second. 
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CHAP. XVL 

ON THE ABSORPTION OF LIGHT. 

(85.) Onb of the most curious properties of bodies in tlieir 
action upon light, and one which we are persuaded will yet 
perform a most important part in the explanation of optical 
phenomena, ^and become a ready instrument iA optical re- 
searches, is their power of absorbing light Even the most 
transparent bodies in nature, air and water, when in sufficient 
thickness, are capable of absorbing a great quantity of light 
On the summit of the highest mountains, where their light 
has to pass through a much less extent of air, a much greater 
number of stars is visible to the eye than in the plains below ; 
and through great depths of water objects become almost in- 
visible. The absorptive power of air is finely displayed in 
the color of the morning and evening clouds ; and that of 
water in the red color of the meridian sun, when seen from 
a diving-bell at a great depth in the sea. In both these cases, 
one class of rays ,is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other to 
the eye. 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration : — 



Charcoal. 

Coal of all kinds. 

Metals in general. 

Silver. 

Gold. 

Black hornblende. 

Black pleonaste. 



Obsidian. 

Rock crystal. 

Selenite. 

Glass. 

Mica. 

Water and transparent fluids. 

Air and gases. ^ 



Although charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided state, as in some oftlie 
f^rases and flames, or in a particular state of aggregation, as in 
the diamond, it is highly transparent In like manner, all 
metals are transparent in a state of solution ; and even silver 
and gold, when beaten into thin films, are trani^ucent, the 
former transmitting a beautiful blue, and the latter a beautifiil 
green light* 

♦See Note No. VI. of Am. ed., in the notes followinir tbe author*! 
Appendix. 
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Philosophers have not yet ascertained the nature of the 
power by which bodies absorb light Some have thought 
that the particles of light are reflected in all directions by the 
particles of the absorbing body, or turned aside by the forces 
resident in the particles ; while others are of opinion that 
they are detained by the body, and assimilated to its sub- 
stance. If the particles of light 'were reflected or merely 
turned out of their direction by the action of the particles, it 
seems to be quite demonstrable that a portion of the most 
opaque matter, such as charcoal, would, when. exposed to a 
strong Ijeam of light, become actually phosphorescent during 
its illumination, or would at least appear white ; but as all the 
light which enters it is never again visible, we must believe, 
till we have evidence of tlie contrary, that the light is actu- 
ally stifpped by the particles of the body, and remains within 
it in the form of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a given num- 
ber of equally 3iin plates, at the refracting surfeces of which 
there is no light lost by reflexion. If the first plate has the 
power of absorbing Jjth of the light which enters it, or 100 
rays out of 1000 ; then ^ths of the original light, or 900 rays, 
will fall upon the second plate ; and ^th of these, or 90, be- 
ing absorbed, 810 will fell upon the third plate, and so on. 
Hence it is obvious that the quantity of light transmitted by 
any number of films is equal to the light transmitted through 
one film multiplied as often into itself as there ^ are films 
Thus, since 900 out of 1000 rays are transmitted by one film 
nrX Ax A ^"^^ to TTnnr' ^p 729 rays, will be the quantity 
transmitted by three films; and therefore the quantity absorb- 
ed will be 271 rays. Of tlie various bodies which absorb 
light copiously, there are few that absorb all the colored rays 
of the spectrum in equal proportions. While certain' clouds 
absorb the blue rays and transmit the red, there are others 
that absorb all the rays in equal proportions, and exhibit the 
sun and the moon when seen, through them perfectly white. 
Ink diluted is a fine example of a fluid which absorbs all the 
cdored rays in equal proportions ; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
stance for obtaining a white image of the sun. Black pleon- 
asJ« and obsidian afford examples of solid substances which 
absorb all the colors of the spectrum proportionally. 

(86.) All colored transparent bodies, however, whether 
solid or fluid, do not necessarily absorb the colors proportion- 
ally ; for it is only in consequence of an unequal absorption 
that they could appear colored by transmitted light. In order 
Li, 
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to exhibit this absorptive power, take a thick piece of the Uue 
glass tha-; is used Ibr finger glasses, and which is sometimes 
met with in cylindrical rods of about -^ths oi an inch in 
diameter, and shape it into the form of a wedge. Form a 
prismatic image o£ the candle, or, what is better, of a narrow 
rectangular aperture in the window by a prism, and examine 
this prismatic image through the wedge of colored glass. 
Through the thinnest edge the spectrum will be seen nearly 
as complete as before the interposition of the we^ge ; but as we 
look at it through greater and. greater thicknesses, we shall 
see particular' parts or colors of the spectrum become fiiinter 
and j&inter, and gradually disappear, while others suffer but a 
slight diminution of their brightness. When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in Jig, 68., where the middle R of the 
red space is entirely absorbed, the inner red that is left is 
weakened in intensity ; the orange is entirely absorbed ; the 
yeUow Y is left almost insulated ; the green G on the side of 
15^.68. *^® yellow is very much absorbed; 

and a slight absorption takes place 
along the green and blue space. At 
a greater thickness still, the inner 



m 




^ red diminishes rapidly, and also the 
yellow, green, and blue ; till, at a certain thickness, all the 
middle colors of the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R and the violet V, as 
shown in fig, 69. As the red light R has much greater in- 
Fig.'G&. tensity than the violet, the glass 

has at this thickness the appearance 
of being a red glass; whereas at 
small thicknesses it had the appear- 
ance of being a blue glass. 
Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at another, 
and others at both. Red glasses, for example, absorb the blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs the violet and refrangible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
affected. Sulphate of copper attacks both ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these different powers of absorp- 
tion, a very remarkable phenomenon may be exhibited. If 
we look through the blue glass so as to see the spectrum in 
fig, 69., and then look at Siis spectrum again with a thin 
plate of sulphate of copper, which absorbs the extreme rays 
at R and V, the two substances thus combined will be abso 
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lately opaqae, and not a ray of light will reach the eye. The 
efiect is perhaps more striking^ if we look at a bright white 
object through the two media together. 

(87.) In attempting to ascertain the influence of heat on 
the absorbing power of colored media, I was surprised to ob- 
serve that it produced opposite eflTects upon different glasses, 
diminishing- the absorbing power in some and increasing it 
in others. Having brought to a red heat a piece of purple 
glass, that absorbed the greater part of the green, the yellow, 
and the interior or most refrangible red, I held it before a 
strong light; and when its red heat had disappeared, I ob- 
serve ttuit die transparency of the glass was increased, and 
that it transmitted freely the green, the yellow, and the 
interior red, all of which it had rormerly, in a great measure, 
absorbed. This e^ct, however, gradually disappeared, and 
it recovered its fi>rmer absorbent power, when completely 
cold. 

When yellowidi-green glass was heated in a similar man- 
ner, it lost its transparency almost entirely. In recovering its 
green color, it passed through various shades of olive green ; 
but its tint, when cold, continued less green than it was be- 
fore the experiment A part of the glass had received in 
cooling a polarizing structure, and this part could be easily 
distinguished from the other part by a difference of tint 

A plate of deep red glass, which gave a homogeneous red 
knage of the candle, became very opaque when heated, and 
scarcely transmitted the light of the candle after its red heat 
had subsided. It recovered, however, its transparency to a 
certain degree ; but when cold, it was more opaque ^an the 
piece from which it was broken. I have observed analogous 
phenomena in mineral bodiea Certain specimens of topaz 
have their absorbing power permanently changed by heat 
In subjecting the £klas ruby to high degrees of heat, I ob- 
served that its red color changed into green^ which gradually 
faded into brown as the cooling advanced^ and resumed by 
degrees its original red color. In like manner, M. fierzelius 
ob^rved the spinelle to become brown by heat, then to grow 
epaque as the heat increased, and to pass through a fine olive 
green before it recovered its red color. A remarkable change 
of absorbent power is exhibited by heating very considerably, 
but so as not to inflame it, a plate of yellow native orpiment, 
which absorbs the videt and blue rays. The heat render? it 
almost blood red, in consequence of its now absorbing the 
greater part of the green and yellow raya It resumes its 
former color, however, by cobling. A still more striking 
effect may be produced with pure phosphorus, which is ot a 
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-Blightly yellow color, transmitting freely almost all the color- 
ed rays. When melted, and suddenly cooled, it acquired the 
power of absorbing all the colors of the spectrum at thick- 
nesses at which it formerly transmitted them all. The black- 
ness produced upon pure phosphorus was first observed by 
Thenard. Mr. Faraday observed, that glass tinged purple 
with manganese had its absorptive power altered by the mere 
transmission through it of the solar rays. 

By the method above described of absorbing particular 
colors in the spectrum, I was led to propose a new method of 
, analyzing white light The experiments with the blue glass 
incontestably prove that the orange and green colors in solar 
light are compound colors, which, though they cannot be de- 
composed by the prism, may be decomposed by absorption, by 
which we may exhibit alone the red part of the orange and 
the blue part of the green, or the yellow part of the orange 
and the yellow part of the green ; and, by submitting the 
other colors of the spectrum to the scrutiny of absorbent 
media, I was led to the conclusions respecting the spectrum 
which are explained in Chapter VII. 

We have already seen that in the solar spectrum, as de- 
scribed by Fraunhofer, there are dark lines, as if rays of par- 
ticular refrangibilities had been absorbed in their course from 
the sun to the earth. The absorption is not likely to have 
taken place in our atmosphere, otherwise the same lines 
would have Ibeen wanting in the spectra from the fixed stars, 
and the rays of solar light reflected from the moon and planets 
would probably have been modified by their atmospheres. 
But as this is not the case, it is probable that the rays which 
are wanting in the spectrum have been absorbed by the sun's 
atmosphere, as Mr. Herschel has supposed. 

(88.) Connected with the preceding phenomena is the sub- 
"ject of colored flames, which, when examined by a prism, 
exhibit spectra deficient in particular rays, and resembling 
the solar spectrum examined by colored glasses. Pure hy- 
drogen gas burns with a blue flame, in which many of the 
rays of light are wanting. The flame of an oil lamp contains 
most of the rays which are wanting in sun-light Alcohol 
mixed with water, when heated and burned, afibrds a flame 
with no other rays but yellow. Almost all salts communi- 
cate to flames a peculiar color, as may be seen by introducing 
the powder of these salts into the exterior flame of a candle, 
or into the wick of a spirit lamp. The following results, ob- 
tained by difierent authors, have been given by Mr. Her- 
schel : — 
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Salts of soda, -. Homogeneous yellow. 

potash, . . \ . . . Pale videt 

; — lijne, ...-.,. Brick red. 

strontia, Bright crimsoii. 

lithia, Red. 

baryta, ...... Pale apple green. 

copper, Bluish green. 

According to Mr. Herschel the muriates succeed best OD 
account of their volatility. 



CHAp. xva 

ON THE DOUBLE REFRACTION QT UOHT. 

(89.) In the preceding chapters of this work it has always 
beenSupposed, when treating W the r^raction of light, either 
through surfaces, lenses, or prisms, that the transparent or re- 
fracting body had the same structure, the same temperature, 
and the aame density in every part of it, and in every direc- 
tion in which the ray could enter it Transparent bodies of 
this kind are gases, fluids solid bodies, such as different kinds 
of glass, formed by fusion, and slowly and equally cooled, and 
a numerous class <^ crystallized bodies, the fonn of whose 
primitive crystal is uie cube, the regular octohedron, and the 
rhomboidal dodecahedron. When any of these bodies have 
the same temperature and density, and are not subject to any 
pressure, a single pencil of light incident upon any single sur- 
face of them, perfectly plane, will be refracted into a single 
pencil according to the law of the sines explained in Chap- 
ter IIL 

In almost all other lxx''ies, including salts and crystallized 
minerals not having the primitive forms above mentioned; 
animal bodies, such us hair, horn, shells, bones, lenses of ani- 
paals and elastic integuments ; vegetable bodies, such as cer- 
tain leaves, stalks, and seeds; and artificial bodies, such as 
resins, gums, jellies, glasses quickly and unequally cooled, and 
solid bodies having unequal density either from unequal tem- 
perature or unequal pressure; — in all such bodies a single 
pencil of light incident upon their surfaces will be refracted 
into two different pencUsy more or less inclined to one another, 
according to the nature and state of the body, and according 
to the direction in which the pencil is incident The separa- 
tion of tlie two pencils is sometimes very great, and inmost 
cases easily obsen^ and measured ; but in other cases it it 
L2 
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not visible, and its existence is inferred only from certain 
effects which could not arise except from two refracted pen- 
cils. The refraction of the two pencils is called double re- 
fraction, and the bodies which produce it are called dmibly 
refracting bodies or crystals. 

As the phenomena of double refraction were first discovered 
in a transparent mineral substance called Iceland spar, calca- 
reous spar, or carbonate of limey and as this substance is ad- 
^mirably fitted for exhibiting them, we shall begin by explain- 
ing the law of double refraction as it exists m this mineral. 
Iceland spar is composed of 56 parts of lime, and 44 of car- 
bonic acid. It is found in almost all countries, in crystals of 
various shapes, and often in huge masses ; but, whether found 
in crystals or in masses we can always cleave it or split it 
into shapes like that represented in fig. 70.» which is called a 
rhomb of Iceland spar, a soUd bounded by 
six equal and similcur rhomboidal suriaces, 
whose sides are parallel, and whose i^les 
B A C, A C D are 101° 55' and 78° 5'. The 
inclination of any face A B C D to any of 
the adjacent faces that meet at A is 105° 5', 
and to any of the adjacent &ces that meet 
at X 74° 55'. The line A X, called the 
aocis of the rhomb or o£ the crystal, is equally inclined to each 
of the six fapes at an angle of 45° 23'. .The angle between 
any of the three edges, BA, CA, EA, that meet at A, or of 
the three that meet at X, and the axis A X is 66° 44' 46", and 
the angle between any of the six edges and the faces is 113° 
15' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally color- 
less. Its natural faces, when it is split, are commonly even" 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect face by a better one, or 
we may grind and polish any imperfect face. 

Having procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished faces, and so large that 
one of the edges A B is at least an inch long, place one of 
its faces upon a sheet of paper, having a black line M N 
drawn upon it, as shown in fig, 71. If we then look tlirough 
the upper surface of the rhomb with the eye about R, we 
shall probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
Two lines, M N, m n, will then be distinctly visible ; and 

Xn turning the crystal round, preserving the same side 
ays upon the paper, the two lines will coincide with one 
another, and appear to form one at two opposite points during 
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a whole revolution of the crystal ; and at two other opposite 
points, nearly at right angles to the former, the lines will he 
at their greatest distance. If we place a black spot at O, or 
a luminous aperture, such as a pin-hole in a wafer, with light 
passing through the hole, the spot or aperture will appear 

Fig. 71. 




louhle, as at O and E ; and hy turning the crystal round as 
Oefore, the two images will be seen separate in all positions ; 
the one, E, revolving, as it were, round the other, O. 

Let a ray or pencil of light, R r, fall upon the surface of 
the rhomb at r, it will be refracted by the action of the sur- 
fiice into two pencils, r O, r E, each of which, being again 
refracted at the second surface at the points O, E, will move 
in th.e directions O o, E 6, parallel to one another and to the 
incident ray R r. The ray R r has therefore been doubly re^ 
fracted by the rhomb. 

If we now examine and measure the angle of refraction of 
the ray r O corresponding to different angles of incidence, we 
shall find that, at 0° of incidence, or a perpendicular inci- 
dence, it suffers no refraction, but moves straight through the 
crystal in one unbroken line ; that at all other angles of inci- 
dence the sine of the angle of refraction is to that of inci- 
dence as 1 to 1*654; and that the refracted ray is always in 
the same plane as that of the incident ray. Hence it is ob- 
vious that the ray r O is refracted according to the ordinary 
law of refraction, which we have already explained. If we 
now examine in the same way the ray r E, we shall find that, 
ax a~ perpendicular incidence, or one of 0°, the angle of re- 
fraction, in place of being 0°, is actually 6^ 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
constant ratio of the sines ; and, what is still more extraordi- 
nary, that the refi*acted ray r E is bent to one side, and lies, 
entirely out of the plane of incidence. Hence it follows that 
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the pencil r E is refracted according to some new and extrar 
ordinary law of refraction. The ray r O is therefore called 
the ordinary ray^ and r E the extraxtrdinary ray. 

If we cause the ray R r to be incident in various difierent 
directions, either on the natural faces of the rhomb or on 
faces cut and polished artificially, we shall find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil passes, it is not refracted into two pencils, or 
does not suffer double refraction. In other crystals there are 
two such directions, forming an angle with each other. In the 
former case the crystal is said to have one axis of double re- 
fraction, and in the latter case two axss of double refraction. 
These lines are called axes of double refraction, because the 
phenomena are related to these line& In some bodies there 
are certain planes, along which, if the refracted ray passes, it 
experiences no double refraction. 

An axis of double refraction, however, is not, like the axis 
of the earth, a fixed line within the rhomb or crystal. It is 
only a fixed direction : for if we divide, as we can do, the \ 

rhomb ABC, fig, 70., into two or more rhombs, each of these 
separate rhombs will have their axes of double refraction ; but 
when these rhombs are again put together, their axes will be 
all parallel to A X. Every line, therefore, within the rhomb 
parallel to A X, is an axis of double refraction ; but as these 
lines have all one and the same direction in space, the crystal 
is still said to have only one axis of double refraction. i 

In making experiments with different crystals, it is found 
that in some the extraordinary ray is refracted towards the 
axis A X, while in others it is refracted from the ancis A X. 
In the first case the axis is cdled a positive axis of double 
refraction, and in the second case a negative axis ^ double \ 

refraction. 

On Crystals toitk one Axis of Double Refraction. \ 

(91.) In examining the* phenomena of double refraction in | 

a great number of crystallized bodies, I found that all those 
crystals whose primitive or simplest form had only one Axisf 
of figure, or one pre-eminent line round which the figure was j 

symmetrical, had also one axi9 of double refraction ; and that ^ j 

their axis of figure was also the axis of double refraction. The 
primitive forms which possess this property are as follows :•*« 

The rhomb with an obtuse summit 
The rhomb yirith an acute summit. 
The regular hexahedral prism. 
The octohedron with a square base. 
The right prism with a square base. 
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(92.) The fi>llowing Table contains the crystals which have 
one axis of double re&action, arranged under their respective 
primitive forms, the sign + being prefixed to those that have 
positive double refraction, and — to those that have negative 
double refraction. 




Fig,TZ. 




rig.iA. 



kiij^i 



1. lUumh with obtuse summit. Jig. 72. 



— Carbonate of lime (Iceland 
spar. 

— Carbonate of lime and iron. 

— Carbonate of lime and mag- 
nesia. 

— ^Phosphato-arseniate of lead. 

— Carbonate of zinc. 

— ^Nitrate of soda. 



— ^Phosphate of lead. 
— Ruby silver, 
— Levyne. 
— ^Tourmaline. 
— Rubellite. 
— ^Alum stone. 
— Dioptase. 
— Quartz. 



2. Rhomb ufith acute summit, Jig. 73. 



— Cinnabar. 

— ^Arseniate of copper. 



— Corundum. 

—Sapphire. 

—Ruby. 

3. Regular Hexahedral Prisni, Jig. 74 

-^Emerald. I — ^Nclpheline. 

— ^Beryl. - I — ^Arseniate of lead. 

— ^Phosphate of lime (apatite). | + Hydrate of magnesia. 

4. Octohedron with a square hose. Jig. 75. 



+ Zircon. 

4- Oxide of tin. 

4- Tungstate of lime. 

— MelUte. 



— ^Molybdate of lead. 
— Octohedrite. 
— Prussiate of potash. 
— Cyanide of mercury. 
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6. Right Prtsm with a square hasty fig. 76. 



— Sulphate of nickel and cop- 
per. 

— Hydrate of strontia. 

+Apophyllite of utoe. 

-f Oxahverite. 

-j-Superacetate of copper and 
lime. 

4-Titanite. 

4- Ice (certain crystals). 



— ^Idocrase. 

-^Wemerite. 

— Paranthine, 

— Meionite. 

— Somervillite. 

— ^Edingtonite. 

— Arseniate of potash. 

—Sub-phosphate of potash. 

—Phosphate of ammonia and 

magnesia. 

In all the preceding grystals, an(d in the primitive forms to 
which they belong, the line A X is the axis of figure and of 
double refraction, or the only direction along which there is 
no double refraction. 

On the Law of Double Refraction in Crystals toith one 

Negative Axis, , 

(9S.) In order to giv6 a ^miliar explanation of the law of 
Fig. 77. double refraction, let us suppose 

that a rhomb of Iceland spar is 
turned in a lathe, to the form of 
a sphere, as shown in fig, 77., 
A X being the axis of both the 
rhomb and the sphere. 

If we now make a ray pass along 

the axis A X, ailer grinding or 

polishinff a small fiat surface at 

A and X, perpendicular to A X, we shall find that there is no 

double refraction ; the ordmary and extraordinary ray forming 

a single ray. Hence, 

The index of refraction along > 1-654 for ordinary ray. 

the axis A X will be - ^ 1:654 for extraordinary ray 




0-000 difference. 
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If we do the same at any point, a, about 45^ from the axis^ 

we shall have 

The index of refraction along the line ^ 1*654 for ordmary ray. 
Rab Of which is nearly perpen- > 1*572 fi>r extraordinary 
dicular to the face of the. rhomb, ) ray. 

0.0^ difference. 

If we do the same at any point of the equator C D, in- 
clined 90° to the axis, we shall have 
The index of refraction per- ) 1*654 for ordinary ray. 
pendicular to the axis, J 1.483 for extraordinary ray. 

. 0*171 difference. 

Hence it follows that tJi e mdex of extraordinarv refractio n 
decreases from the axis ^a to the equator Q p , or to a line 
perp^idicuiar to tbe axis, where it ie^ the least The 
mdex of extraordinary refraction is the same at all equal 
angles with the axis A X ; and hence, in every part of a cir- 
cle described on the surface of the sphere round the pole A oi 
X, the index *of extraordinary refraction has the sftmcrTatue, 
and consequently the double refraction or^dpafation of the 

• rays will be the same. In crysteJg^,^jpr^fore, with one a^ ia 
of double refraction , tb e lines oftoQu|5 dniib)<}, rcfciMtiiinifl "^^'^ 
cjr q^ea■,JML^ I ei ^ ^t h e^ ^e ^^i ^ tor or t;ircle of greatest double 
refraction. 

The celebrated Huygens, to whom we owe the discovery 
of the law of double refraction in crystals with one ^xis, has 
given the following method of determining the index of ex- 
traordinary refraction at any point of the sphere, when. the 
ray of light is incident in a plane passing through the axis of 

- the crystal AX: — 

Let it be required, for example, to determine the index of 
refraction for the extraordinary ray Rab, Jig. 77., A X being 
the axis, and C D the equator of the crystal ; the ordinary 
index of refraction being known, and also the least extra- 
ordinary Index of refraction, or that which takes place in the 
equator. In calcareous spar these numbers are 1*654 and 
1.483. From O set off in the lines O C, O D contmued, O c, 
Od, eo that OCorODistoOcorOrfajs y.^fy^ is to y.^s* 
or as -604 is to '674 ; and through the points A, c, X, rf, draw 
an ellipse, whose greater axis iacd, and whose lesser axis is 
AX. The radius G«of the ellipse wi}l be what is called 
the reciprocal of the index of refraction at a ; and as we can 
find Oa, either by projecting the ellipse on a large scale, or 
by calculation, we nave only to divide 1 by O a to have that 
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index. In the present case O a is *636, and .f^ is equal to 
1*572, the index required. 

As the index of extraordinary refraction thus found always 
diminishes from the pole A to the equator C D, and is always 
equal to the index of ordinary refraction mintts another 
quantity depending on the difference between the radii of the 
circle and those of the ellipse, the crystals in which this 
takes place may be properly said to have negative double 
refraction. 

In order to determine the direction of the extraordinary 
refracted ray, when the plane of incidence is oblique to a 
plane passing through the axis, the process, either by projec- 
tion or calculation, is too troublesome to be given in nn ele- 
mentary work. 

In every case the force whiclL4i]X)duces the double refrac- 
tion exerts itself as if it proceeded from the axis. 

Every plane passing through the axis is called a principal 
section of the crystal. 

On the Law of Double Refraction in Crystals vnth one 

Positive Axis, . 

(94.) Among the crystals best fitted for exhibiting the 

phenomena of positive double refraction is rock crystal or 

^p^ortz, a mineral which is generally found in six-sided 

^ Fig TS prisms, like fg, 78., terminated with six-sided pyra- 

^ ■ mid8,E,P. 

If we now grind down the summits A and X, 
and replace them by faces well polished, and per- 
pendicular to the axis A X ; and if we transmit a 
ray through these feces, so that it may pass along 
the axis A X, we shall find that there is no double 
refraction, and that the index of refraction is as 
■^ follows: — 
Index of refraction along ) 1*5484 for ordinary ray. 
the axis AX - - J 1-5484 for extraordinary ray 

0*0000 difference. 
If we now transmit the ray perpendicularly through the 
parallel faces E F, which are inclined 38<^ 20' to the axis AX, 
the plane of its incidence passing through A X, we shall 
obtain the following results : — 
Index of refraction perpe^ ^ ^.^^ ^ ^^^ 

0-0060 difference. 



?&, 
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Id like manner, it will be found that when the ray passes 
perpendicularly through the faces C D, perpendicular to the 
axis A X, the index of extraordinary refraction is the 
greatest, viz. 

Index of refraction perpen- 
dicular to the faces of , . ^^^. , * ^ 
the prism CD.-- \ ^'^^^ ^"^ extraordmary ray. 



rism CD-- \ ^'^^^ "'^ extraordmary : 




X' 



O-OOQS difference. 
Hence it appears that in quartz the i pdex of extraordinarf 
refraction tncreweg from the"^e A^ to the equator C J; ^ 
wnereas it diminished in calcareous spar , and the extraordi- 
nary ray appears to be aratmi to the axis. 

In this case the variation of the index of extraordinary 
refraction will be represented by an ellipse, A c X <2, whose 
greater axis coincides with the axis 
A X of double refraction, as in fig, 
79^ and O C will be to O c as y.y}^^- 
is to j.sh-^. or as -6458 is to •64ia 
By detennihing, therefore, the radius 
O a of the ellipse for any ray R 6 a, 
and dividing 1 by it, we shall have 
tfie index of extraordinary refractioq 
for that ray . 

As the index of extraordinary refraction is always equal to 
the index of ordinary refraction, plus another quantity de- 
pending on the difference between the radii of the circle and 
the ellipse, the crystals in which this takes place may properly 
be said to have positive double refraction. 

On Crystals with two Axes of Double Refraction. 
(95.) The great variety of crystals, whether they are 
mineral bodies or chemical substances, have two axes of 
double refraction, or two directions inclined to each other 
along which the double refraction is nothing. This property 
of possessing two axes of double refraction I discovered in 
1815, and I found that it belonged to all the crystals which 
are included in the prismatic system of Mohs, or whose 
primitive forms are, 

A right prism, base a rectangle. 
■ base a rhomb. 

base an oblique parallelogram. 

Oblique priftmt base a rectangle. 
■ ■■ base a rhomb. 

base an oblique parallelofram. 



Octohedron, base a rectangle 
— *— — base a rhomb. 
. M 



» 
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In all these primitive forms there is not a nngle pre-emi- 
nent line or. axis about which the figure is symmetrical. 

The following is a list of some of the most important crys- 
tals, with their primitive forms according to Hauy, and the 
inclination of the two lines or axes along which there is no 
double refraction :-^ 

Glauberite - - - 2° or 3° Oblique prism, base a rhomb. 

Nitrate of potash - 5° 20' Octohedron, base a rectangle, 

Arragonite - - - 18 18 Octohedron, base a rectangle. 

Sulphate of baryta - 37 42 Right prism, base a rectangle. 

Mica ----- 45 Right prism, base a rectangle. 

Sulphate of Ume - 60 j ^U^^^ ^ "^"l"* 

Topaz - - - - 65 Octohedron, base a rectangle. 
Carbonate of potash 80 30 Prismatic system of Mohs. 
Sulphate of iron - 90 Oblique prism, base a rhomb. 

In crystals with one axis of double refraction, the axis has 
the same position whatever be the color of the pencil of light 
which is used ; but in crystals with two axeSy the axes change 
their position according to the color of the light employed, so 
that the inclination of the two axes varies with differently 
colored rays. This discovery we owe to Mr. Herschel, who 
found that in tartrate of potash and soda (Rochelle salts) 
the inclination of the axis for violet light was about 56^, 
while in red light it was about 76°. In other crystals, such 
as nitre J the inclination of the axes for the violet rays is 
greater than for the red rays ; but in tvery case the line 
joining the extremity of the axes for all the different rays is 
a straight line. 

In examining the properties of Glauberite, I found that it 
had tiDO axes jfbr red light inclined about 5°, and only one 
axis for violet light. 

It was at first supposed that in crysfefe with two axes, one 
of the rays was refracted according to the ordinary law of the 
sines, and the other by an extraordinary law ; but Mr. lYesnel 
has shown that both the rays are refracted according to laws 
of extraordinary refraction. 

On Crystals toith innumerable Axes of Double Refraction, 

(96.) In the various doubly refracting bodies hitherto men- 
tioned, the double refraction is related to one or .more axes; 
but I have found that in analcime there are several planes, 
along which if the refracted ray passes, it will not suffer 
double refraction, however various oe the directions in which 
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it is incident Hence we may consider each of these planes 
as containing an infinite number of axes of double refraction, 
or rather lines in which there is no double refraction. When 
the ray is incident in any other direction, so that the refracted 
ray is not in one of these planes, it is divided into two rays 
by double refraction. No other substance has yet been found 
possessing the same property. 

On Bodtes to which Double Refraction may be communicated 
by He€U, rapi^ Cooling, Pressure, and Induration. 

(97.) If we take a cylinder of glass, C D, Jiff. 80., and 
Fig. 80. having brought it to a red heat, roll it along a plate 
of metal upon its cylindrical surface till it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, and it will become a cylinder with one positive 
axis of double refraction, ^ X, coinciding with the 
axis of the cylinder, and along which there is no 
double refraction. This axis differs from that in 
quartz, as it is a fixed line in the cylinder, while it 
is only a fixed direction in the quartz ; that is, any 
other line parallel to A X, Jiff. 80., is not, an axis of double 
refraction, but the double refraction along thaiflihe increases 
as it approaches the circumference of the cylinder. The 
double refraction is a maximum in the direction C D, being 
equal in every line perpendicular to the axis, and passing 
through it - 

If, instead of heating 4he glass cylinder, we had placed it 
in a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired the very same doubly refracting struc- 
ture when the heat had reached the axis A X ; but this struc- 
ture is only transient, as it disappears when the cylinder is 
uniformly heated. 

If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to soften the glass, and had placed it in a cold 
fluid, it would have acquired a transient doubly refracting 
structure as before, when the cooling had reached the axis 
A X ; but its axis of double refraction A X will now be a 
negative one, like that of calcareous spar. 

Analogous structures may be produced by pressure and by 
the i nduratio n of soft solids, such as animal jellies, isinglass, &c. 
Ir thefcylinder in the preceding explanation is not a circular 
one, biK has its section perpendicular to t[ie axis everywhere 
an ellipse in place of a circle, it wUl have two axes of double 
refraction. 
In/like manner, if we u.se rectangular plates of glass in- 
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Bteajd of cyliaders in the preceding experiments, we shall havo 
piaAea mth two planes of double refraction ; a positive struc- 
ture being on one side of each plane, and a negative one on 
the other. 

If we use perfect spheres, there will be axes of double re- 
fraction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether they ' Ji^ 

are lenses, spheres, or spheroids, have one or more axes of 
double refraction. 

All these phenomena will be more fully explained when we 
treat of the colors produced by double refraction. 

On Substances loith Circular Double Refraction. 

(98.) When we transmit a pencil of lirfit along the axis 
A X, jig, 78., of a crystal of quartz, it suffers no double re- 
fraction; but certain phenomena, which will be afterwards 
described, are seen along this axis, which induced M. Fresnel 
to examine the light which passed along the axis. He found 
that it possessed a new kind of double refraction, and he dis- 
tinctly observed the refraction of the two pencils. This kind 
of double refraction has, from its properties^ been called dr^ 
hilar; and it is divided into two kinds, — -positive or right- 
handed, and negative or left-handed. 

The following substances possess this remarkable prop* 
erty: — 

Poeititfe Sabstances. 

Rock crystal, certain speci- 
mens. 

Camphor. 

Oil of turpentine. 

Solution of camphor in al- 
cohol. 

Essential oil of laurel. 

Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst possessed in the same cr3^8tal both the positive and 
the negative ch-cular double refraction. This subject will be 
more fiiUy treated when we come to that of circular pdar- 
ization* 

* For the fnrmule referring to certain of the articles of this and of the 
subsequent chapter, see (in the College edition,) Appendix of Am. ed.. 
Chap. VI. 



Negative Substances, 

Rock crystal, certain speci- 
mens. 
Concentrated syrup of sugar. 
Essential oil oi lemon. 
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CHAP. xvin. 

ON THE P0I.ARIZAT1ON OF LIGHT. 

If we transmit a beam of the sun's li^t through a circular 
aperture into a dark room, and if we reflect it from any crys- 
tallized or uncrystallized body, or transmit it through a thin 
)>late of either of them, it will be reflected and transmitted in 
the very same manner and with the same intensity, whether 
the sur&ce of the body is held above or below the beam, or on 
the right side or left, or on any other side of it, provided that 
in all these cases it falls upon the surface in the same manner ; 
or, what amounts to the same thing, the beam of solar light 
has the same properties on all its sides; and this is true, 
whether it is white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

The same property belongs to light emitted from a candle, 
or any burning or self-luminous body, and all such light is 
called common light A section of such a beam of light will 
be a circle, like A C B D, Jig. 81., and we shall distinguish 

Fig. 8L 




the section of a beam of common light by a circle with two 
diameters, A B, C D, at right angles to each other. 

If we now allow the same beam of light to fall upon a 
rhomb of Iceland spar, as in Jiff. 71., and examine the two 
circular beams O o, £ e, formed by double refraction, we shall 

fiH ... ^ 

1. That the beams O o, E 6, have different properties on 
different sides ; so that each of them difiers, in this respect, 
from the beam of common light 

2. That the beam O o differs from E e in nothing, excepting 
that the former has the same properties at the sides A' and B' 
that the latter has at the sides C Bhd D', as shown in Jig. 81. ; 
or, in general, that the diameters of the beam, at the extremi- 
ties of which the beam has similar properties, are at right 
anirles to each other, as A' B' and C D', sbr example. 

M2 ^ 
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These two beams, O o, E e, fig. 81., are therefore said to 
be polarized^ or to be beams of polarized light, because they j 

have sides or poles of different properties ; and planes passing i 

through the Imes A B, C D, or A' B', C D', are said to be the 
planes of polarization of each beam, because they have the ] 

same property, and, one which no other plane passing through 
the beam possesses. ^ 

Now, it is a curious &ct, that if we cause the two polarized a 

beams O o, E c to be united into one, or if we produce them 
by a thin plate of Iceland spar, which is not capable of s^ia- ! 

rating them, we obtain a beam which has exactly the same i 

properties as the beam A B C D of common light j 

Hence we infer, that a beam of common light, A B C D, » 

consists of two beams of polarized light, whose planes of po^ 
larization, or whose diameters of similar properties, are at 
right angles to one another. If O o is laid up<m E 6, it ' 

will produce a figure like A B C D, and we, therefore, re- 
present common light by such a figure. If we place O o 
above E e, so that the planes of polarization A' B' and C D' 
coincide, then we shall hdve a beam of polarized light twice 
as luminous as either Oo or Ee, and possessing exactly ! 

the same properties ; for the lines of similar property in the 
one beam coincide with -the lines of similar property in the 
other. 

Hence it follows that there are three ways of converting a 
beam of common light, A B C D, into a beam or beams of po- 
larized light 

1. We may separate the beam of common light, A B C D, 
ijito its two compraient parts, Oo and E e. 

2. We may turn round the planes of polarization, A B, C D, < 
till they coincide or are parallel to each other. Or, 

3. We may absorb or stop one of the beams, and leave the 
other, which will consequently be in a state of polarization. 

The first of these methods of producing polarized light is 
that in which we employ a doubly refracting crystal, which i 

we shall now consider. * 

On the Polarization of Light by Double Refraction. \ 

' (99.) When a beam of light suffers double refiraction b^ -^ 

a negative crystal, as Iceland spoTf fig, 71., wl^ere the ray 
R r is incident in the plane of the principal section, or, what 
is the same thing, in a plane passing throns^h the axis, the two 
pencils r O, r E are each polarized ; the pkne of polarization . , 

of the ordinary ray, r O, coinciding with the principal sectiqp, 
and the plane of polarisation of the extraordinary rq.y, r £V hms^ 
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at right angles to the principal section. In fig. 82^ i(*0 be 
made to denote a section of the ordinary beam r O, fig. 71., £, 
the diameter of which is drawn at rignt angles to that of O* 
will represent a section of the SKtraordinary beam r E. 



Fig.«L 



Fiff,^ 




If the beam of light R f is incident upon a powtive crystal, 
tike quartz, O of fig. 83., will be the symbol of the ordmary 
ray, and E that of Sie extraordinary ray. 

The phenomena which arise from_ this opposite polarization 
of the two pencils may be well seen in Iceland spar. For this 
purpose let A r X be the principal section of a rhomb of Ice- 
land sj)ar, fig. 84., through th^ axis A X, and perpendicular 
to one of the laces, and let A' F X' be a similar section of an* 
other rhomb, all the lines of the one being parallel to all the 
lines of the other. A ray of light, R r, incident perpendicu- 
larly at r, will be divided into two pencils ; an ordinary one, 

Fig.U. 
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* D, and m extraordinary one, r C. The ordinary ray felling 
on the second crystal at G, again suffers ordinary refraction, 
.and emerges at IC an ordinary ray, O o, represented by the 
jaymbol O, fig. 82. In like manner the extraordinary ray, r C, 
.filing aatijeeeoond crystal jatT, ^gain •suiTers extraordinary 
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refraction, and emerges at H an extraordinary ray, E «, repre- 
sented by E, fi^. 82. These results are exactly the same as if die 
two crystals had formed a single crystal by being united at their 
surfaces C X, A' G, either by natural cohesion or by a cement 
Let the upper crystal A X now remain fixed, with the same 
ray R r falling upon it, and let the second crystal A' X' be 
turned round 90°, so that its principal section is perpendicular 
to that of the upper one, as shown in fig. 85. ; then the ray 
r D ordinarily "refracted by the first rhomb will be extraordi- 
narily refracted by the second, and the ray r C extraordinarily 
refracted by the first rhomb will be ordinarily refracted by the 
second. 

The pencils or images formed from the ray R r, in the two 
positions shown in figs, 84. and 85., may be thus described as 
marked in the figures : — 

O is the pencil refracted ordinarily by the first rhomb. 

E is the pencil refiucted extraordinarily by the first rhomb. 

o is the pencil refiracted ordinarily by the second rhomb. 

e is the pencil refracted extraordinarily by the second 
rhomb. 
O o is the pencil refracted ordinarily by both rhombs in 

E c is the pencil refracted extraordinarily by both rhombs 
in fig. 84 

O e is the pencil refracted ordinarily by the first, and ea?- 
traordinarily by the second rhomb in fig. 85. 

E is the pencil refracted extraordinarily by the first, and 
ordinarily by the second rhomb in fig. 85. 

In botn the cases shown in figs. 84. and 85., when the 
planes of the principal sections of the two rhombs are either 
parallel, as in fig. 84., or perpendicular to each other, as in 
fig. 85., the lower rhomb is not capable of dividing into two 
any of the pencils which fall upon it ; but in every other po- 
sition between the parallelism and the perpendicularity of the 
principal sections, each of the pencils formed by. the first 
rhomb will be divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that the ray R r proceeds from a round 
aperture, like one of the circles at A, fig. 86., and that the 
eye is placed behind the two rhombs at H K,fig. 84., so as to see 
the imaffes of this aperture. Let the two images shown at A, fig, 
86., be the appearance of the aperture at R, seen through one of 
the rhombs by an eye placed behind C D,fig. 84., then D,fi^. 86., 
will represent the images seen through me two rhombs m the 
position in fig. 84, their distance being doubled, firom suffering 
the same quantity of double refraction twice. If we now turn 
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the second rhomb, or that nearest the eye, from left to ri^ht, 
two iaint images will appear, as at C, between the two bright 
ones, which will now be a little fainter* By continuing to 

Fiif. 86. 
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turn, the four images will be all equally luminous, as at D ; 
they will next appear as at E ; and when the second rh<Mxifo 
has moved round 90°, as in fig. 85., there will be only two 
images of equal In-ightoeas, ^s at F. Continuing to turn the 
second rhomb, two iaint images will appeu*, as atG; by a 
farther rotation, they will bi all equally bright, as at II; 
firther on they will become unequal, as at I ; and at 180° of 
revolution, when the pluies of the principal section are agaia 
parallel, and the axes A X, A' X' at right angles nearly to 
each other, all the images will coalesce into one bright image, 
as at K, having double the brightness of either of those at A» 
B, or F, and fi>uf times the brightness of any one of the four 
*t J) and H* 

If we now follow any one of the images A, B from the po- 
sition in Jig. 64., where the principal sections are inclined 0^ 
io one anoSier, to the position in fig, 65., where it disappear 
at F, we shall find that its brightness diminishes as the square 
of the cosine of the angle formed by the principal sections, 
while the brightness of any image, from its appearance be- 
tween B and C, fig. 86., to its greatest brightness at F, in- 
creases as the square of the sine of the same angle. 

By considering^ the preceding phenomena it will appear, 
that whenever me plane of polarization of a polarized ray, 
whether ordinary or extraordinary, coincides with or is parallel 
to the principal section, the ray will be refracted ordinarily ; 
and whenever the plane of polarization is perpendicular to 
the principal section, it will be refracted extraordinarily. In 
all intermediate positions it will sufier both kinds of refraction, 
and will be doubly refracted ; the ordinary pencil being the 
brightest if the plane of polarization, is nearer the position of 
parallelism than that of perpendicularity, and the extraordi- 
nary pencU the brightest if the plane of polarization is nearer 
the position of perpendicularity than that of parallelism. At 
equal distances from both these positions, the ordinary and eY- 
traordinary images are equally bright 
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(100.) It does not appear from the preceding experiments 
that the polarization of the two pencils is the effect of any po- 
larizing force resident in the Iceland spar, or of any change 
produced upon the light The Iceland spar has merely sepa- 
rated the common light into its two elements, according to a 
different law, in the same manner as a prism separates all 
the seven colors of the spectrum from the compound while 
beam by its power of refracting these elementary colors in 
different degrees. The re-union of the two oppositely po- 
larized pencils produces common light, in tlie same manner as 
the re-union of all the seven colors produces white light 

The method of producing polarized light by double refrac- 
tion is of all others the best, as we can procure by this means 
from a given pencil of light a stronger polarized beam than in 
any other way. Through a thickness of three inches of Ice- 
land spar we can obtain two separate beams of polarized light 
one third of an inch in diameter ; and each of these beams 
contams half the light of the original bearo, excepting the 
small quantity of light lost by reflexion and absorption. By 
sticking a black wafer on the spar opposite either of these 
beams, we can procure a polarized beam with its plane of po- 
larization either iu the principal section or at right angles to 
it In all experiments on this subject, the reader should re- 
collect that every beam of polarized light, whether it is pro- 
duced by the ordinary or the extraordinary refraction, or by 
positive or negative crystals, has always the same propertieSi 
provided the plane of its polarization has the same direction. 



CHAP. XIX* 

ON THE POLARIZATION OF LIGHT BT REFLEXION. 

(101.) In the year 1810, the celebrated French philosopher 
M. Malus, while looking through a prism of calcareous spar 
at the light of the setting sun reflected from the windows of 
the Luxembourg palace in Paris, was led to the curious dis- 
covery, that a team of light reflected from glass at an angle 
of 56°, or from water at an angle of 53°, possessed the very 
same properties as one of the rays formed by a rhomb of cal 
careous spar ; that is, that it was wholly polarized, having its 
plane of polarization coincident with or parallel to the plane 
of reflexion. 

* For the formule relatini; to this chapter, sec (in the College edition,) 
Appendix of Am. ed.. Chap. Vf. 
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This most curious and important fact, which he found to be 
true when the hght was reflected from all other transparent 
or opaque bodies, excepting metal s, gave birth to all those dis- 
coveries which have, m our own day, rendered this branch (^ 
knowledge one of the most interesting, as well as one of the 
most perfect, of the physical sciences. 

In order to explain this and the other discoveries of Malus, 
let C D, fig. 87., be a tube of brass or wood, having at one end 
of it a plate of glass, A, not quicksilvered, and capable of 




turning round an axis, so that it may form difierent angles 
with the axis of the tube. Let D G be a similar tube a little 
smaller than the other, and carrying a similar p]atc of ^lass B. 
If the tube D G is pushed into C D, we may, by tummg the 
one or the other round, plojce the two glass plates in any pch 
sition in relation to one another. 

Let a beam of light, R r, from a candle or a hole in the- 
window^hutter, fall upon the glass plate A, at an angle of 56^ 
45' ; and let the glass be so placed that the reflected j:ay r « 
may pass along the axis of the two tubes, and fall upon the 
second plate of glass B at the point «. If the ray r « falls 
upon the second plate B at an angle of 56° 45' also, and if the 
plane of reflexion from this plate, or the plane passing through 
9 £ and s r, is at right angles to the plane of reflexion from 
the first plate, or the plane passing through r R, r «, the ray r s 
wiU not suffer refleanon from B, or wiU be so faint as to be 
scarcely visible. The veir same thing will happen if r 5 is a 
ray polarized by double reiraction, and having its plane of po- 
larization in the plane passing through r R, r ». Here then 
we have a new property or test <rf polarized light,---that it 
will not suffer reflexion from a plate of glass B, when incident 
at an angle of 56° 45', and when the pluie of incidence or re- 
flexion is at right angles to the plane of polarization of the 
ray. If we now turn round the tube D G with the plate B^ 
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without moving the tabe C D, tiie last reflected ray s E will 
, become brighter and brighter till the tube has been turned 
round 90°, when the plane of reflexion frqm B is coincident 
with or parallel to that from ^. In this position the reflected 
ray « E is brightest By contmuing to turn the tube D G, the 
ray « E becomes fitinter and fainter, till, after being turned 90*^ 
&rther, the ray « E is faintest, or nearly vanishes, which hap- 
pens when the plane of reflexion from B is perpendicular to 
that from A. After a l&rther rotation of 90°, the ray s E will 
recover its greatest brightness ; and when, by a still farther 
rotation of 98°, the tube D G and plate B are brought back into 
their first position, the ray s E will again disappear. These 
efifects may be arranged in a table, as follows : — 



InrliBktlon of the t\MXue» vf the two reflexiooa, or the 
phne« Rr» md r « E, or «iim-the of the plane r$K 



90O 

At angles between 90O and 160o . 

180O ... 

At angles between l£0o and 270O . 

270O 

At angles between 270^ and 360^ . 

360Oor0O 

At angles between (P and 90^ . . 
90O 



Scarcely visible 

The image grows brighter and brighter 

Brightest 

The image grows fainter and fainter 

Scarcely visible 

The image grows brighter and brighter 

Brightest 

The image grows fointer and fainter 

Scarcely Visible 



If we now substitute in place of the ray r s one of the po- 
larized rays or beams formed by Iceland spar, so that its plane 
of polarization is in the plane Rrs, it will experience the 
veiy same changes as the ray R r does when polarized by re- 
flexion from A at an angle of 56° 45'. Hence it is manifest, 
that a ray reflected at 56° 45' from glass has all the properties 
of polarized light as produced by double refraction. 

(102.) In the preceding observations, the ray R r is sup- 
posed tp be reflected only from the first surface of the glass ; 
but Mains found that the light reflected from the second sur- 
fiwje of the glass was polarized at the same time with that re- 
flected from the first, although it obviously suffers reflexion at 
a different angle, viz. at an angle equal to the angle of refrac- 
tion at the first surface. 

The angle of 56° 45', at which light is polarized by re- 
flexion from glass, is called its maximum polarizing angle, be- 
cause the greatest quantity of light is polarized at that angle. 
When the light was reflected at angles greater or less than 
56° 45', Mains found that a portion of it only was polarized, ' 
the remaining portion possessing all the properties of common 
light The polarized portion diminished as the angle of inci- 
dence receded on either side from 56°'45', and was nothing at 
0°, or a perpendicular incidencd, and also nothing at 90^, or 
the most oblique incidence. 
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In continuing his experiments on this 8ubject,'Maltis found 
that the angle of maximum polarization varied with different 
bodies ; and, after measuring it in various substances, he con- 
daded that it follows neither the order of the refractive 
powers nor that of the dispersive powers^ hut that it is a prop- 
erty of bodies independent of the other modes of action which 
they exercise upon light, AAer he had determined the angles 
onder which complete polarization takes place in different 
bodies, such as glass and water, he endeavored to ascertain the 
angle at which it took place at their separating surfaces when 
they were put in contact. In this inquiry, however, he did 
not succeed; and he remarks, "that the law according to 
which this last angle depends gd. the first two remains to be 
determined.^' 

\f a pencil or beam of light reflected at the maximum po- 
larizing angle from glass and other bodies were as completely 
polarized as a pencil polarized by double refraction, then the 
two pencils would have been equally invisible when reflected 
from the second piate, B, at the azimuths 90° and 270° ; but 
this is not^the case : the pencil polarized by double refraction 
vanishes entirely when it passes through a seccaad rhomb, even 
if it is a beam of the sun's direct light ; whereas the pencil 
polarized by reflexion vanishes only if its light is faint, and if 
the plates A and B have a low dispersive power. When the 
sun's light is used, there is a large quantity of unpolarized 
• light, and this unpolarized light is greatly increased when the 
fxlates A and B have a high dispersive power. This curious 
and most important fact was not observed by Malus. 

A very pleasing and instructive variation of the general ex- 
periment shown in fg. 87. occurred to me in examining this 
subject I( when the pates of glass A and B have the position 
shown in the figure where the luminous body from which the ray 
« E proceeds is invisiMe, w<e br-eathe gently upon the plate B, 
the ray s E will be recovered, and tine luminous body from 
which it proceeds will be instantly visible. The cause of this 
is obvious : a thin film of water is deposited upon the glass by 
i)reathing, and as water poiarizes light at an angle cf about 
58° 11', the glass B should have been inclined at an angle of 
53° 11' to the ray r s, in order to be incapable of reflecting the 
polarized ray;* but as it is inclined 56° 45' to the incident ray 
r «, it has the power of reflecting a portion of the ray r s. 

If the glass B is bow placed at an angle of 53° 11' to the 
ray r 9, it will then veflect a portion of tfa« polarized ray i s to 

^ We neglect the conaideratioQ of the separating surfiice of tbe watei 
and glaM, aiMl tuppof e the ghiw B to ^be opaqa«. 

TV 
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the eye at E ; but if we breathe upon the glass B, the re- 
flected light will disappear, because the reflecting surface is - 
now water, and is placed at an angle of 53° 11', the polarizing 
angle for water. If therefore we place two glass plates at B, 
the one inclined 66° 45', and the other 53° 11', to the beam 
r s, sufficiently large to fall upon both, the luminous object 
will be visible in the one but not in the other; but if we 
breathe upon the two plates, we shall exhibit the paradox of 
reviving an invisible image, and extinguishing a visible one 
bv the same breath. This experiment will be more striking 
if the ray r « is polarized by double refraction. 

On the Law of the Polarization of Light by Reflexion, 

(103.) From a very extensive series of experiments made 
to determine the maximum polarizing angles of various bodies, 
both solid and fluid, I was led^ in 1814, to the following simple 
law of the phenomena : — 

The index of refraction is the tangent of the angle of po^ 
larization. 

In order to explain this law, and to show how to find the 
polarizing angle for any body whose index of refraction is ^ 
known, let M N be the surfece of any transparent body, such 
aft water. From any point, r, draw r A perpendicular to M N, 
Fig. 88. fg. 88., and round r as a centre de- 

scribe a circle, M A.N D. From A 
^^ draw A F, touching the circle at A, 
and from any scale on which A r is 1 
or 10 set off" A F equal to 1-336 or 
13*36, the index of refraction for water. 
From F draw F r, which will be the 
incident ray that will be polarized by 
reflexion from the water in the direc- 
tion r S. The angle A r R will be 
53° IV, or the angle of maximum polarization for water. 
This angle may be obtained more readily by looking for 1*336 
ia the column of natural tangents !b a book of kgarithms^ 
and there will be found opposite to it the corresponding angle 
of 53° 11'. If we calculate the angle <^ refraction T r D, 
corresponding to the angle of incidence A r R, or determine 
it by projection, we shall find it to be 36° 49'. 

From the preceding law we may draw the following ccm- 
clusions: — 

1. The maximum polarizing angle, for all. substances what- 
ever, is the complement of the angle of refraction. Thus, in 
water, the complement of 36° 49' is 53° ll'» the polarizing 
angle. 
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2. At the polarizing angle, the sum of the angles of inci- 
dence and refraction is a right angle, or 90^. Thus, in water, 
the angle of incidence is 63° 11', and tiiat of refraction dGP 
49', and their sum is 90°. ' 

3. When a ray of light, R r, is polarized by reflexion, the re- 
flected ray, r S, forms a right angle with the refracted ray, r T. 

When light is reflected tf*^ t^f^ gff^pn<| ffl]|rft|g*^ ^^ bodies, the 
law of polarization is as follows : — 

'the index of refraction w the cotangent of the angle of 
fotartzation. 

In order to determine the angle in this case, let M N be the 

second surface of any body such as water. From r draw r A 

«^.89. perpendicular to^MN, fig. 89., and 

round r describe the circle M A N D. 

From A draw A F, touching the circle 

at A, and upon a scale in which r N is 1 

take A F equal to '7485, that is to j-^^ 

\n the reciprocal of the index of refraction,* 

and from F draw F r ; the ray R r will be 

polarized whenTeflected in the direction 

r S. The maximum polarizing angle 

A r R will be 36° 49', exactly equal to 

the angle of refraction of tl*e first surface. Hence it follows, 

1. That the polarizing angle at the second surface of bodies 
is equal to the complement of the polarizing angle at the first, 
or to the angle of refraction at the first surfiice. T(^ reason 
is, therefore, obvious why the portions of a beam of light re- 
flected at the first and second surfaces of a transparent parallel 
plate are simultaneously polarized. 

2. That the angle which the reflected ray r S forms with 
the refracted ray r T is a right angle.. 

The laws of polarization now explained are applicable to 
the separating surfaces of two media of different refractive 
powers. If tSe uppermost fluid is water, and the undermost 
^lass, then the index of refraction of their separating surface 
IS equal to |!4||, to the greater index divided by the lesser, 
which is 1-I4i5. By using this index it will be ftwmd that the 
polarizing angle is 48° 47'. 

When the ray moves from the less refractive substance 
into the greater, as from water to glass, as in the preceding, 
case, we must make use of the law and the method above ex- 
plained for the first surface of bodies; but when the ray 
moves from the greater refractive body into the less, as from 
oil of cassia to glass, we must use the law and method for the 

-second surface of bodies. 

■I ■ 1 1 I I.I. — ' ■ • t 1 1 ■ ■ 

*The tangent of an angle to radius 1, it the reciprocal of the cotangent. 
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If we lav a parallel stratum of water upon glass whose 
index of rerraction is 1:508, the ray reflected from the refract- 
ing surfaces will be polarized when the angle of incidence 
upon tlie first surface of the water is 90° 

(104.) The preceding observations are all applicable to 
white light, or to the roost luminous rays of the spectrum ; 
but, as every different color has a different index of refraction, 
the law enables us to determine the angle of polarization for 
^very different color, as in the following table, where it is 
supposed that the most luminous ray of the spectrum is the ' 
mean one; — 



C Red rays 
Water J Mean rays 

f Violet rays 
i Red rays 
Plate Glass •? Mean rays 
i Virfet rays 
i Red rays 
Oil of Cassia < Mean rays 
f Violet rays 



Index tif 
Befrae- 
tioa. 



53° 



1-330 

1-33653 

1-342 

1-515 

1-525 

1-535 

1-597 

1 

1-687 



1-64258 



Anste. 



4' 
11 

53 19 
56 34 
56 45 

56 55 

57 57 
40 



59 21 



the rrotect and 
Iiwat PotarlsiBt 
Anglp*. 



15' 

21' 

1° 24' 



The circumstance of the different rays of the spectrum 
being polarized at different alleles, enables us to explain the 
existence of unpolarized light at the maximum polarizing 
angle, or why the ray » E, in Jig. 87., never wholly vanishes. 
If we were to use red light, and set the two plates at angles of 
56° 34', the polarizing angle of glass for red light, then the pen- 
cil « E would vanish entirely. But when the light is white, and 
the angle at which the plates are set is 56° 45', or that which 
belongs to mean or yellow rays, ihen it is only the yellow rays 
that will vanish in the pencil s E. A small portion of red and 
a small portion of violet will be reflected, because the glasses 
are not set at their polarizing angles; and the mixture of 
these two colors will produce a purple color, which will be 
that of the unpolarized light which remains in the pencil 8 E. 
If we place the plates at the angle belonging to the red ray, 
then the red only will vanish, and the color of flie unpo- 
larized light will be bluish green. If we place the plates at 
the angle corresponding with the blue light, then the blue 
only will vanish, and the unpolarized light will be <if a reddish 
cast In oil of cassia, diamond, chromate of lead, realgar, 
specular iron, and other highly dispersive substances, the coloi 
of the unpolarized light is extremely brilliant and beautiful 

Certain doubly refracting crystals, such as Iceland spar 
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ckromate of lead, &^ have different polarizing angles on dif- 
ferent surfaces, and in different directions on the same sur- 
fiice ; but there is always one direction where the polariza- 
tion is not affected by the doubly refracting force, or where 
the tangent of the polarizing angle is equal to the index of 
ordinary refraction. 

On the partial Polarization of Light by Reflexion. 

(105.) If, in the apparatus in Jig, 87., we make the ray R r 
fall upon th^ plate A at an angle greater or less than 56° 45', 
then the ray « £ will not vanish entirely ; but, as a consider- 
able part of it will vanish like polarized light, Malus called it 
partially polariaed light, and considered it as composed of a 
portion of light perfectly polarized, and of another portion in 
the state of common light. He found the quantity of polar- 
ized light to diminish as the angle of incidence receded from 
that 01 maximum polcurization. 

M. Biot and M. Arago also maintained that partially polar- 
ized light consisted partly of polarized and paitly of common 
light ; and the latter announced that, at regular angular dis- 
tances above and below the maximum polarizing angle, the 
reflected pencil contained the same proportion of polarized 
light In St, GeibirCs glass he found that the same proportion 
of light was polarized at an angle of incidence of 82° 48' as 
at 24° 18* ; in water he found that the same proportion was 
polarized at 16° 12* as at 86° 31' ; but he remarks, " that the 
mathematical law which connects the value of the quantity of 
polarized light with the angle of incidence and the refractive 
power of the body has not yet been discovered." 

In the investigation of this subject, I found that thouffh 
there was only one an^le at which light could be completely 
polarized by one reflexion, yet it might be polarized at any 
angle of incidence by a sufficient number of rejlexions, as 
shown in the following Table. 



BELOW THE P0LARIZIN9 ANGLE. J 


ABOVE THE POLARIZING ANGLE. 


ira.af 


Angle .t which tli« Light - 


No. or 


Ai«le wt which the Light 


ReflexioiM. 


is pokriMd. 


Reflexion.. 


i« polarised. 


1 


56° 45' 


1 


56° 45' 


2 


50 ^6 


2 


62 30 


3 


46 30 


3 


65 33 


4 


43 51 


4 


67 33 


5 


.41 43 


5 


69 1 


6 


40 


6 


70 9 


7 


38 33 


7 


71 5 


8 


37 20 


8 


71 51 



N2 
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In polarizing light hy successive reflexions, it is not neces- 
sary that the reflexions be performed at the same angle. 
Some of them may be above and some below the polarizing 
angle, or all the reflexions may be performed at different 
angles. 

From the preceding facts it follows as a necessary conse- 
quence, that partially polarized light, or light reflected at an 
angle different from the polarizing angle, has suffered a physi- 
cal change, which enables it to be more easily polarized by a 
subsequent reflexion. The light, for example, which remains 
unpolarized after five reflexions at 70°, in place of being com- 
mon light, has suffered such a physical change that it is capa-» 
We of being completely polarized by one reflexion more at 70°. 

This view of the subject has been rejected by M. Arago, as 
incompatible with experiments and speculations of his own ; 
and, in estimating the value of the two opinions, Mr. Herschel 
has rejected mine as the least probable. It will be seen, how- 
ever, from the following facts, that it is capable of the most 
rigorous demonstration. 

It does not appear, from the preceding inquiries, how a beam 
of common light is converted into polarized light by reflexicm. 
By a series of experiments made in 1829, 1 have been able to 
remove this didiculty. It has been long known that a polar- 
ized beam c^ light has its plane of polarization changed by re- 
flexion from bodies. If its plane is inclined 45° to the plane 
of reflexion, its inclination will be diminished by a reflexion at 
80°, still more by one at 70°, still more by one at 60°; and at 
the polarizing angle the plane of the polarized ray will be in 
the plane of reflexion, tlie inclination commencing again af 
reflexions above the polarizing angle, and increasing till at 0°, 
or a perpendicular incidence, the inclination is again 45°.* 1 
now conceived a beam of common light, constituted as in Jig, 
81., to be incident on a reflecting surface, so that the plane of 
reflexion bisected the angle of 90° which the two planes of 
polarization, A B, C D, formed with each other, as shown in 
Jig, 90., No. 1., where M N is the plane of reflexion, and 
A B, C D the planes of polarization of the beam of v/hite 
light, each inclined 45° to MN. By a reflexion from glass, 
where the index of refraction is 1*525, at 80°, the inclination 
of A B to M N will be 33° 13', as in No. 2., instead of 45° ; 
and in like manner the inclination of C D to M N will be 33° 
13', in place of 45° ; so that the inclination of A B to C D in 

*Tlie rale for finding the inclination is this :— Find the sura of the angles 
of incidence and refraction, and also their difference; divide the cofiine of 
the foriner by the cosine of the bitter, and the qaotient will be the taugeat 
of the inclination required. 
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place of 90° is 66° 26', as in No. 2. At an incidence of 65<' 
the inclination of A B to C D will be 25° 36', as in No. 3. ; 
and at the polarizing angle of 56° 45' the planes A B, C D of 
the two beams will be parallel or coincident, as in Na 4. At 
incidences below 56° 45' the planes will again open, and their 



Fig. 90. 



No. 4. 
AC 




inclination will increase till at 0° of incidence it is 90°, as in 
No. 1., naving been 25° 36' at an incidence of about 48° 15', 
as in No. 3., and 66° 26' at an incidence of about 30°, as in 
No. 2. 

In the process now described, we see the manner in which 
common light, as in No. 1., is converted into polarized light, 
as in No. 4., by the action of a reflecting surface. Each of 
t;he two planes of its component polarized beams is turned 
round into a state of parallelism, eo as to be a beam with only 
one plane of polarization, as in No. 4. ; a mode of polariza- 
tion essentially different in its nature from that of double re- 
fraction. The numbers in Jig. 90. present us with beams of 
light in different stages of pclarizalion from common light in 

'Na 1. to pelarized light in No. 4. In No. 2. the beam has 
made a certain approach to polarization, having suffered a 
physical change in the inclination ot its planes ; and in No. 3. 
it has made a nearer approach to it Hence we discover the 
whole mystery of partial polarization, and we see that»;?firr- 
tially polarized light is light whose planes of polarization 

.are inclined at angles less than 90° and greater than G^, 
'tTie influence of successive reflexions is therefore obvious. A 
reflexion at 80° wiW turn the planer, as in Jig, SO., No. 2. ; 
another reflexion at 80° will bring them closer ; a third still 
closer ; and so on : and though they never can by this process 
be brought into a state of exact parallelism, as in No. 4. 
(which can only be done at the polarizing angle), yet they can 
be brought infinitely near it, so that the beam will appear as 
completely polarized as if it had been reflected at the polar- 
izing angle. The correctness of my former experiments and 
views is^ therefore, demonstrated by the preceding analysis of 
common light. 
It is manifest from these views that partially polarized light 
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does not covdain a single ray of completely polarized light ; 
and yet if we reflect it from the second plate B, in Jig. 87., 
at the polarizing angle, a certain portion of it will disappear 
as if it were polarized light, a result which led to the mistake 
of Mains and others. The light which thus disappears may 
be called apparently polarized light ; and I have explained in 
another place* how we may determine its quantity at any 
angle of incidence, and for any refractive medium. The fol- 
lowing Table contains some of the results for glass, whose in- 
dex of refraction is 1-525. The quantity of reflected light is 
calculated by a rule given by M. Fresnel. 



Angle* or 
.Incld^oc. 


iBclinuioii of the Hkiies 
CD, ^.90. 


Quantity of reflected 
Ray* out of 1000. 


Uuantity of polarixed 
Ray int of 1000. 


0° 


90° O' 


43-23 


0- 


20 


80 26 


43-41 


7-22 


40 


47 22 


-49-10 


33-25 


56 45' 





79-5 


79-5 


70 


37 41 


162-67 


129-8 


80 


66 26 


391-7 


156-6 


85 


78 24 


616-28 


123-75 


90 


90 


1000- 


0- 



CHAP. XX. 

■ ■» 

ON THE POLARIZATION OF LIOHT BY pRDlNART REFRACTION. 

(106.) Although it might have been presumed that the 
ligjit refracted by bodies sufiered some change, corresponding 
to that which it receives from reflexion, yet it was not untO 
1811 that it was discovered.that the refracted portion of the 
beam contained a portion of polarized light.! 

To explain this property of light, let R r. Jig. 91., be a 
beam of fight incident at a great angle, between 80° and 90°, 
on a horizontal plate of glass, No. 1. ; a portion of it will be 
reflected at its two sur&ces, r and a, and the refracted beam 
a is found to contain a small portion of polarized light 

If this beam a falls upon a second plate. No. 2., parallel 
to the first, it will sufier two reflexions; and the refracted 
pencil h will contain more polarized light than a. In like 
manner, by transmitting it through the plates Nos. 3, 4, 5, and 

*See Phil. TransaetioM^ 1830, p. 76., or Edinburgh Jewmdl qf Sdenee^ 
New Series, No. V., ji. IGO. 

tThit diflcoverv was made by independent obeervation by Malut, Biot, 
and tbe author or this work. 
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6., the last refracted pencil, fg^ will be found to consist entirely, 
so fex as the eye can ju(]ge» of polarized light But, what is 
very interesting, the beam fg is not polarized in the plane of 
refraction or reflexion, but in a plane at right angles to it ; 
that ie, its plane of polarization is not represented by A' B' 



Fig. 91. 



^ 



_ 



polfl 



81., as is the ordinary ray in Iceland spar, or as light 
polarized by reflexion, but by C D' like the extraordinary 
ray in Iceland spar.' From a great number of experiments, 
I found that the light of a wax candle at the distance of 10 
or 12 feet was polarized at the following angles, by the fol- 
lowing number of plates of crown glasa 



Ho. of riatM of 
CrowaeiMB. 


ObKnred Angles kt 
which th« readl 
to polarised. 


Ho. of Plate, of 
CrowaeiMg. 


OlMorTed Augle* at 
ia polarised. 


8 
12 
16 
21 
24 


79° ir 

74 
69 4 
63 21 
60 8 


27 
31 
35 
41 
47 


570 10' 
53 28 
50 5. 
45 35 
41 41 



It follows from the above experiments, that if we divide the 
number 41*84 by any number of crown glass plates^ we shall 
have the tangent of the angle at which the beam is polarized 
by that number. 

Hence it is obvious that the power of polarizing the re- 
fracted light increases with the angle of incidence, being, no- 
thing or a minimum at a perpendicular incidence, or 0°, and 
the greatest possible or a maximum at 90^ of incidence. I 
found, likewise, by various experiments, that iJie power of po- 
larizing the light at any given angle increased with tlie re- 
fractive power of the body, and consequently that a smaller 
number of plates of a highly refracting body was necessary 
than of a refracting body of low power, the angle of incidence 
being the same. \ 

As Malus, Biot, and Arago considered the beams a, &, &:c., 
before they were completely polarized, as partially polarized^ 
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and as consisting of a portion of polarized and a portion of 
anpolarized light ; so, on the other hand, I concluded from the 
following reasoning that' the unpolarized light had suffered a 
physical change, which made it approach to the state of com- 
plete polarization. For since sixteen plates are required to 
polarize completely a beam of light incident at an angle of 
69°, it is clear that eight plates will not polarize the whole 
beam at 'the same angle, but will leave a portion unpolarizcd. 
Now, if this portion were absolutely unpolarized like common 
light, it would require to pass through other sixteen plates, at 
an angle of 69°, in order to be cora^^etely polarized ; but the 
truth is, that it requires to pass tlirough only eight plates to 
be completely polarized. Hence I conclude that the beam has 
been nearly half polarized by the first eight plates, and the 
polarization completed by the other eight This conclu§ion, 
though rejected by both the French and English philosophers, 
is capable of rigid demonstration, as will appear from the fol- 
lowing observationa 

In order to determine the change which refraclion produced 
in the plane of polarization of a polarized ray, I used prisms 
and plates of glass, plates of water, and a plate of a highly re- 
fractive metalline glass ; and I found that a refracting surface 
produced the greatest change at the most oblique incidence, or 
that of 90° ; and that the change gradually diminished to a 
perpendicular incidence, or 0°, where it was nothing. I found 
also that the greatest efiect produced by a single plate of glass 
was about 16° 39', at an angle of 86° ; that it was 3° 54' at an 
angle of 55°, 1° 12' at an angle of 35°, and 0° at an angle 
of 0°.* 

A beam of common light, therefore, constituted as in Jig, 
92., No. 1., with each of its planes A B, C D inclmed 45° to 



No. 4. 




N 
the plane of refraction, will have these planes opened 16° 39* 

*Tiie rule for finding the inclination after a pinf^le refraction is as fol- 
ows:— Find the difference between the angles of incidence and refraction, 
and take the cosine of this difference. This number wilt be the cotangent 
of the inclination reqdiredj and twice this inclination will be the inclina- 
tion of A B to C D. 
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each, by one plate of glass at jm incidence of 86^ ; that is, 
their inclination, in place of 90°, will be 123° 18', as in No." 
2. By the action of two or three plates more they will be 
opened wider, as in No. 3. ; and by 7 or 8 plates they will be 
opened to near 180°, or so that A B, C D nearly coincide, as 
in No. 4., so as to form a single polarized beam, whose plane 
of polarization is perpendicular to the plane of refniction. I 
have shown, in another place,* that these planes can never be 
brought into mathematical coincidence by any number of re- 
fractions ; but they approach so near to it that the pencil is, to 
all appearance, completely polarized with lights of ordinary 
strength. All the light polarized by refraction is only par- 
tially polarized, and it has the sani6 properties as that which 
is partially polarized by reflexion. A certain portion of the 
light of a beam thus partially polarized, will disappefir when 
reflected at the polarizing angle from the plate B^ Jig. 87. ; 
and this quantity, which I have elsewhere shown how to cal- 
culate, is given in the following table for a single surface of 
glass, whose index of refraction is 1*525. 



ABKlecrf 
Incidence. 


Inili nation uf the I-Ishm 


Qnantity of trHMmitted 
Kayi uut of 1000. 


ttuantity of pnlarliM] 
Kajra nnt uf 1000. 


0° 


90° 0' 


95677 





20 


90 26 


956-59 


7-22 


40 


92 


950-SiO 


32-2 


56° 45' 


94 58 


92i>-5 


. 79-5 


70 


98 56 


837-33 


129-8 


80 40' 


104 55 


608-3 


156-7 


85 


108 44 


383-72 


123-7 


90 


112 58 









Although the quantity of light polarized by refraction, as 
given in the last column of this Table, is calculated by a 
formula essentially different from that by which the quantity 
of light polarized by reflexion was calculated ; yet it is cu- 
rious to see that the two quantities are precisely equal. Hence 
we obtain the following law : — 

When a ray of common light is reflected and refracted by 
any surface, the quantity of light polarized by refraction is 
exactly equal to that polarized by reflexion. 

This law is not at all applicable to plates, as it appeared to 
be from the experiments of M. Arago. 

When the preceding method of analysis is applied to the 
light reflected by the second surfaces of plates, we obtain the 
following curious law : — 

* See Phil. Tranxaetions, 1830, p. 137., or Edinh^rgh Journal qf Science, 
New Scries, No. VI., p. 218. 
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A pencil of light reflected from the second surfaces of 
transparent plates^ and reaching the eye after two refrax> 
turns and an intermediate reflexion, contains at all angles of 
incidence^ from 0° to the maximttm polarizing angle, a por- 
tion of light polarized in the plarte of rejleodon. Above the 
polarizing angle, the part of the pencil polarized in the 
plane of reflexion diminishes, tiU the incidence becomes IS^ 
T in glass, when it disappears, and the whole pencil has the 
character ofconmum light. Above this last angle the pencil 
contains a quantity of light polarized perpendicularly to the 
plane of reflexum, which increases to a maximum, and then 
diminishes to nothing at 90°.* 

(107.) As a bundle of glass plates acts upon light, and po- 
larizes it as effectually as reflexion from the surface of glass 
at the polarizing angle, we may substitute a bundle of glass 
plates in the apparatus, fig, 87., in place of the plates of glass 
A, B. Thus, if A (Jg, 93.) is a bundle of glass plates which 

J!^'^. 93. 






polarizes the transmitted ray s t, then, if the second bundle B 
id placed as in the figure, with the planes of refraction of its 
plates parallel to the planes of refraction of the plates of A, 
the ray s t will penetrate the second bundle ; and if st\s in- 
cident on B at the polarizing angle, not a ray of it will be re- 
flected by the plates of B. If B is now turned round its axis, 
the transmitted li^ht v w will gradually diminish, and more 
and more light will be reflected by the plates of the bundle, 
till, after a rotation of 90°, the ray v w will disappear, and all 
the light will be reflected. By continuing to turn round B, 
the ray v w will re-appear, and reach its maximum brightness 
at 180°, its minimum at 270°, and its maximum at 0°, after 
having made one complete revolution. * 

By this apparatus we may perfoflft the very same experi- 
ments with refracted polarized light that we did with reflected 
polarized light in the apparatus of ^^. 87. 

We have now described two methods of converting com- 
mon light into polarized light : 1st, By separating by double 
t refraction the two oppositely polarized beams which constitute 
common light ; and, 2dly, By turning ro(lnd, by the action of 

«See Phil, Trans. 1830, p. 145.; or EimbMrgk Journal qf Semut, Sfo. VI., 
p. S34. New Series. 
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the reflecting and refracting forces, the planes of both these 
beaias till they coincide, and thus form hght polarized in one 
plane. Another method still remains to be noticed ; namely, 
to disperse or absorb one of the oppositely polarized beams 
which constitute common light, and leave the other beam po- 
larized in one plane. These effects may be produced by agate 
and tourmaline, &.c. 

(108.). If we transmit a beam ef common light through a 
plate of agate, one of the oppositely polarized beams will be ' 
converted into a nebulous light in one position, and the other 
polarized beam in another position, so that one of the polar- 
ized beams w^ith a single plane of polarization is left The 
same effect may be produced by Iceland spar, arragonite, and 
artificial salts prepared in a particular manner, to produce a 
-dispersion of one of the oppositely polarized beams.* 

When we transmit common light through a thin plate of 
UmrmaUney one of the oppositely polarized beams which con« 
stitute common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates of agate and tourmaline are of great use, 
either in affording a beam of light polarized in one plane, or 
in dispersing and absorbing one of the pencils of a compound 
beam, when we wish to analyze it, or to examine the color or 
properties of one of the pencils seen separately. • 



CHAP. XXI. 

ON THE COLORS OF CRYSTALLIZED PLATEfil IN 
POLARIZED LIGHT. 

(109.) The splendid colors, and systems of colored rings, 
produced by transmitting polarized light through transparent 
bodies that possess double refraction, are undoubtedly the most 
brilliant phenomena that can be exhibited. The colors pro- 
duced by Ihese bodies were first discovered by independent 
L observation, by M. Arago and the author of this volume ; and 

[ they have been studi^ with great success by M. Biot and 

other authora 
\ In order to exhibit these phenomena, let a polarizing ap- 

paratus be prepared, similar in its nature to that in Jig, 87. ; 
but without the tubes, as shown in Jig, 94., where A is a plate 

»See Edinburgh Eneyclapsdiu, voi. rr. pp. 000, 601.; PhiL Trunt, 1810, 
p. MB. 

o 
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of glass which polarizes the ray R r, incident upon it at ah 
angle of 56° 45', and reflects it polarized in the direction r «, 
where it is received by a second plate of glass, B, whose plane 
of reflexion is at right angles to that of iJie plate A, and 
which reflects it to the eye at O, at an angle of 56° 45'. In 



^.94. 



^ 



^ 



order that the polarized pencil r » may be sufficiently brilliant, 
ten or twelve plates of window glass, or, what is better 
still, of thin and well-annealed flint glass, should be substi- 
tuted in place of the single plate A. The plate or plates at 
A are called the 'polarizing plates, because their only use is 
to furnish us with a broad and bright beam of polarized light. 
The plate B is called the analyzing plate, because its use is 
to analyze, or separate into its parts, the light transmitted 
through any body that may be placed between tlie eye and the 
"polarizing plate. 

If the beam of light R r proceeds from the sky, which will 
answer well enough for common purposes, then an eye placed 
at O will see, in the direction O s, the part of the sky from 
which the beam R r proceeds. But as r « will be polarized 
light if it is reflected at 56° 45' from A, almost none of it will 
be reflected to the eye at O from the plate B ; that is, the eye^ 
at O will see, upon the part of the sky from which R r pro- 
ceeds, a black spot ; and when it does not see this black spot, 
it is a proof that the plates A and B are not placed at the 
proper inclinations to each other. When a position is found, 
either by moving A or B, or both, at which the black spot is 
darkest, the apparatus is properly adjusted. 
^ (110.) Having procured a thin film of sulphate of lime or 
mica, between the 20th and the 60th of an inch thick, and 
which may be split by a fine knife or lancet from a mass of 
any of these minerals in a transparent state, expose it, as 
sliown at C E D F, so that the polarized beam r s may pass 
through it perpendicularly. If we now apply the eye at O, 
and look towards the black ppot in the direction O s, we shall 
see the surface of the plate of sulphate of lime entirely cov- 
ered with the most brilliant colors. If its thickness is per* 
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fect!y uniform throughout, its tint will be perfectly uniform ; 
but if it has different thicknesses, every dif^rent thickness 
will display a different color — some red, some green, some 
blue, and some yellow, and all of the most brilliant descrip- 
tion. If we turn the film C E D F round, keeping it perpen- 
dicular to the polarized beam, the colors will become less or 
more bright without changing their nature, and two lines, 
C D, E P at right angles will he found, so that when either of 
them is in the plane of reflexion r « O, no colors whatever are 
perceived, and the black spot will be seen as if the sulphate 
of lime had not been interposed, ot as if a piece of common 
glass had been substituted for it It will also be observed, by 
continuing the rotation of the sulphate of lime, that the colors 
again begin to appear; and reach their greatest brightness 
when either of the lines G H, L K, which are inclined 45° to 
C D, E P, are in the plane of reflexion r « O. The plane R r *, 
or the plane in which the light is polarized, is called the plane 
of primitive polarization ; the lines CD, E P, the neutral 
mxes; and G H, K L, the depolarizing axeSj-hecsMse they de- 
polarize, or change the polarization of the polarized beam r «. 
The brilliancy or intensity of the colors increases gradually, 
from the position of no color, to that in which it is the most 
brilliant • 

Let us now suppose the plate C E D Fto be fixed in the po- 
sition where it gives the brightest color ; namely, when G H 
is perpendicular to the plane of primitive polarization R r », 
or parallel to the plane rsO, and let the color be red. Let 
the analyzing plate B be made to revolve round the ray r », 
beginning its motion at 0°, and preserving always the same 
inclination to the ray r », viz. 56° 45'. The brightest red 
being now visible at 0°, when the plate B begins to move from 
its position shown in the figure, its brightness will gradually 
diminish till B has turned round 45°, when the red color will 
wholly disappear, and the black spot in the sky be seen. Be- 
yond 45° a faint green will make its appearance, and will be- 
come brighter and brighter till it attains its greatest bright- 
ness at 90°. Beyond 90° the green becomes paler and paler 
till it disappears at 135°. Here the red again appears, and 
reaches its maximum brightness at 180°. The very same 
changes are repeated wh3e the plate B passes from 180° 
round to its first position at 360° or 0°; Prom this experi- 
ment it appears, that when the film C E D P alone revolves, 
only on& color is seen ; and when the plate B only revolves, 
two colors are seen during each half of its revolution. 

If we repeat the preceding experiment with films of differ- 
ent thicknesses, that give di&rent colors, we shall find that the 
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two colors ar6 always complementary to each other, or to- 
gether make white light 

(111.) In order to understand the cause of these heautiful 
phenomena, let the eye be placed between the film and the 
plate B, and it will be seen that the light transmitted through 
the film is white, whatever be the position of the film. The 
separation of the colors is therefore produced, or the white 
light is analyzed, by reflexion from the plate B. Now, sul- 
phate of lime is a doubly refracting crystal ; and one of its 
neutral axes, C D, is the section of a plane passing through its 
axis, while E F is the section of a plane perpendicular to the 
principal section. Let us now suppose either of these planes, for 
example E F, to fe placed, as in the figure, in the plane of po- 
larization R r 5 of the polarized light ; then this ray will not be 
doubled, but will pass into the ordinary ray of the crystallized 
film ; and falling upon B, it will not suffer reflexicai. In like 
manner, if C D is brought into the plane R r «, it will pas& 
enturely into the ordinary ray, which, falling upon B, will not 
suffer reflexion. -In these two positions of 3ie film, therefore, 
it forms only a single image or beam ; and as the plane of po- 
larization of this image or beam is at right angles to the plane 
of reflexion from B, none of it is reflected to the eye at O. 
But in every other position of the d»ubly refracting film 
C E D F, it forms two images of different intensities, as may 
be inferred from Jig, 86. ; and when either of the depolarizing 
axes G H or K L is in the plane of primitive polarization, the 
two images are of equal brightness, and are polarized in op- 
posite planes ; one in the plane of primitive polarization, and 
the other at right angles to it Now, one of these images is 
red, and the other green, for reasons which will be afterwards 
explained j and as the green is polarized in the plane of primi- 
tive polarization R r «, it does not suffer reflexion from the 
plate B ; while the red, being polarized at right angles to that 
plan^, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90°, the red will 
not suffer reflexion from it ; while the green will suffer re- 
flexion, and b^ transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light trans- 
mitted through the film of sulphate of lime, by reflecting the , 
half of it which is polarized in the plane of its reflexion, and 
refiising to reflect the other half, which is polarized in an op^ 
posite plane. If the two beams had been each white light, as 
they are in thick plates of sulphate of lime, in place of seeing 
two different colors during the revolution of the plate B, the 
reflected pencil s O would have undergone different variations 
of brightness, according as the two oppositely polarized beams 
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of white light were more or less reflected by it ; the positions 
of greatest brightness being those where the red and green 
colors were the brightest, and the darkest points being those 
where no color was visible. 

(112,) The analysis of the white beam composed of two 
beams of red and green light, has obviously been eflected by 
the power of the plate to reflect the one and to transmit or 
refract the other ; but the same beam may be analyzed by va- 
rious other methods. ~ If we make it pass through a rhomb of' 
calcareous spar sufficiently thick to separate by double refrac- 
tion the red from the green beam, we shall at the same time 
see both the colored beams, which we could not do in the for* 
mer case ; the one forming the ordinary, and the other the ex- 
traordinary image. Let us now remove the plate B, and sub-. 
Stitute for it a rhomb of calcareous spar, with its principal sec- 
tion in the plane of reflexion r * O, or perpendicular to the 
plane of primitive polarization R r a, and let the rhomb have 
a. round aperture in the side farthest from the eye, and of such 
a size that the two images of the aperture, formed by double 
refraction, may just touch one another. Remove the film 
C E D F, and the eye placed behind the rhomb will see only 
the extraordinary image of the aperture, the ordinary onei 
having vanished. Replace the film, with its neutral axes as in 
the figure, parallel and perpendicular to the plane R r », and 
no effect will be produced ; but if either of the depolarizinff 
axes are brought into the plane R r «, the ordinary iniage of 
the aperture will be a brilliant rerf, and the extraordinary 
image a brilliant green ; the double refraction of the rhomb 
having separated these two differently colored and oppositely 
polarized beams. By turning round the film, the colors will 
vary in brightness ; but the same image will always have the 
same color. If we now keep the film fixed in the position 
that gives the finest colors, and move the rhomb of calcareous 
spar round, so that its principal section shall make a complete 
revolution, we shall find that, aft:er revolving 45° from its first 
position, both images become white. After revolving 90°, the 
ordinary image that was formerly red ia now green, and the 
extraordinary image that was formerly green is now red. The 
two images become again white at 135°, 225°, and 315° ; and 
at 180^, the ordinary image is again red, and the extraordi- 
nary one green ; and at 270°, the ordinary image is green^ 
and the omer red. 

If we use a large circular aperture on the face of the 
rhomb, the ordinary and extraordinary images O, E will over- 
lap each other, as in jfJg-. 95. ; the overlajq)ing parts at F G^ 
being pure white light, and the parts at C and D having the' 
02 
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colors above described. This experiment aflbrds ocular de- 
monstration that the two colors at C and D are comple- 
mentary, and form white light 

The analysis of the compound beam transmitted by the sul- 
phate of lime may also be effected by a pkte of ag^, or by 

Fig. 95. / 




any of the crystals, artificially prepared for the purpose of 
dispersing one of the component beams. The a^te being 
placed between the eye and the film C E D F, it will disperse 
mto nebulous light the red beam, and enable the green one to 
reach the eye ; while in another position it will scatter the 
green beam, and allow .tho red light to reach the eye. With 
a proper piece ^ of agate this experiment is both beautiful and 
instructive ; as the nebulous light, scattered round the bright 
image, will be green when the distinct image is red^ and red 
when the distinct image is green. 

The analysis may also be effected by the absorption of tour' 
maline and other similar substances. In one position the tour- 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, and suffers the 
green to pass. The yellow color of the tourmaline, howeve>, 
IS a disadvantage. 

The analysis may also be performed by a bundle of glass 
plates, such as A or B, Jig. 93. In one position such a bundle 
will transmit all the red, and reflect all the green ; while in 
another position it will transmit^ Xhe green, and reflect all 
the red, in the opposite manner, but according, to the sam^ 
rules as the analyzing plate B, fig. 04. 

(113.) In all these experiments the thickness of the sul- 
phate of lime has been^ supposed such as to give a red and a 
green tmt ; but if we take a film 0-00046 of an English inch 
niick, and place it at C E D F in fig. 94L, it will produce.no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0*00124 tliick will 
give the white of the first order in Newton's scale of colors, 
given in p. 93 ; and a plate 0*01818 of an inch thick, and 
all plates of greater thickness, will give a white composed 
ciT all the coIm. Films or plates of intermediate tluoknefiiee 
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between 0*00124 and 001818 will give all the intermediate 
colors in Newton's Table between the white of thelfirst order 
and the white arising from the mixture of all the colors. That 
is, the colors reflected to the eye at O will be those in column 
2d, while the colors observed by turning round the plate B 
will be those in column Sd ; the one set of colors correspond- 
ing to the jeflected tints, and the other to tlie transmitted tints 
of thin plates. In order to determine the thickness of a film 
of sulphate of lime which gives any particular color in tlie 
Table, we must have recourse to the numbers in the last col- 
umn for glass, which has nearly the same refractive power as 
sulphate of lime. Suppose it is required to have the thickness 
which _corresponds to the red of the first spectrum or order of 
colors. The number in tlie column for glass, opposite red, is 
5 j ; then, since the while of the first order is produced by a 
film 000124 of an inch thick, the number corresponding to 
which is d| in the column for glass, we say, as 3| is to 5J, so 
is 0-00124 to 0-00211, the thickness which will give the red 
of the first order. In the same manner, by having the thick- 
ness of any film of this substance, we can determine the color 
which it will produce. 

Since the colors vary with the thickness of the plate, it is 
manifest, that if we could form a wedge of sulphate of lime, 
with its thickness varying from 0*00124 to 0*01818 of an inch, 
we should observe at once all the colors in Newton's Table in 
parallel stripes. An experiment of the same kind may be 
made in the following manner : — Take a plate of sulphate of 
lime, M N, Jig, 96., whose thickness exceeds 0*01818 of an 

Fig. 96. 




inch. Cement it with isinglass on a plate of glass; and 
placing it upon a fine lathe, turn out of it with a very sharp 
tool a concave or hollow surface between A and B, turning it 
80 thin at the centre that it either begins to break or is on the 
eve of breaking. If the plate M N is now placed in w-atet, 
the v^ter vnll after some time dissolve a small portion of its 
substance, and polish the turned surface to a certain degree. 
If the plate is now held at C £ D F, ]^. 94., we shall see all 
tiw «oloiB in Newton'a Table in the form of concentric ringSf 
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as shown in the figure. If the thickness diminishes rapitlly 
the rings will be closely packed together, but if the turned 
surface is large, and the thickness diminishes slowly, the col- 
ored bands will be broad. In place of turning out the con- 
cavity, it might be done better by grinding it out, by applying 
a convex surface of g^eat radius, and using the finest emery. 
When the plate M N is thus prepared, we may give tlie most 
perfect polish to the turned surface by cementing upon it a 
plate of glass with Canada balsam. The balsam will dry, and 
the plate may be preserved for any length of time. 

By the method now described, the most beautiful patterns, 
such as are produced in bank-notes, &c., may be turned upon 
a plate of sulphate of lime 0*01818 of an inch thick, cemented 
to glass. All the grooves or lines that compoee The pattern 
may be turned to different depths, so as to leave different 
thicknesses of the mineral, and the grooves of different depths 
will all appear as different colors, when the pattern is held in 
the apparatus in Jig. 94. Colored drawings of figures and 
landscapes may in like manner be executed, by scraping away 
the mineral to^e thickness that will give the required colors; 
or the effect may be produced by an etching ground, and 
using water and other fluid solvents of sulphate of lime to 
reduce the mineral to the required thicknessea A cipher 
may thus be executed upon the mineral ; and if we cover 
the surface upon which it is scratched, or cut, or dissolved, 
with a balsam or fluid of exactly the same refractive power as 
the sulphate, it will be absolutely illegible by common light, 
and may be distinctly read in polarized light, when placed at 
C E D F in /^. 94. 

As the colors produced in the preceding experiments vary 
with the diflferent thicknesses of the body which produces 
them, it is obvious that two films put together, as they lie in 
the crystal with similar lines coincident or parallel, will pro- 
duce a color corresponding to the sum of their thicknesses, 
and not the color which arises from the mixture of the two 
colors which they produce separately. Thus, if we take two 
films of sulphate of lime, one of which gives the orange of 
the first order, whose nunlber in the last column in Newton^s 
Table, p. 93., is 5J, while the other gives the red of the 2d 
order, whose number is 11| ; then by adding these numbers, we 
get 17, which corresponds in the Table to greenish yellow of the 
3d order. But if the two plates are crossed, so that similar linea 
in the one are at right angles to similar lines in the other, 
then the tint or color which they produce will be that which 
belongs to the difference of their thicknessea Thus, in the 
present case, the difference of the above numbers is 6f , which 
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corresponds in the Table to a reddish violet of the second 
order. If the plates which are thus crossed are equally thick, 
and produce the same colors, they will destriw each other's 
effects, and blackness will be produced ; the difference of the 
numbers in the Table being 0. Upon this principle, we may 
produce colors by crossing plates- of such a thickness as to 
^ive no colors separately, provided the difference of their 
thickness does not exceed 0-01818 ; for if the difference of 
tiieir thickness is greater than this, the tint will be white, and 
beyond the limits of the Table. 

If the polarized light employed in the preceding experi- 
ments is homogeneous, then the colors reflected from the plate 
B will always be those of the homogeneous light employed. 
In red light, for example, the colors or rather shades which 
succeecTeach other, with different thicknesses or the mineral, 
will be red at one thickness, black at another, red at another, 
and black at another, and so on with all the different colors. 

If we place the specimen shown in^^. 96. in violet light, the 
rings A B will be less than in red light ; and in intermediate 
colors they will be of intermediate magnitudes, exactly as in 
the rings of thin plates formerly descril^d. When white light 
is used, all the different sets of rings are combined in the very 
same manner as we have already explained, in thin plates of 
air, and will form by their combinations the various colored 
rings in Newton's Table. 



CHAP. XXIL 

OSt THE SYSTEM OF COLORED RINGS IN CRYSTALS WITH 
ONE AXIS. 

(114.) In all the precedmg experiments the film C E D P 
must be held at such a distance from the eye, or from the plate 
B, that its surface may be distinctly seen, and in the apparatus 
used by different jphilosophers this distance was considerable. 
In tiie year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
as possible, a very small plate, B, not above one fourth of an 
inch, being interposed, as in^^. 94., between the crystal and 
the eye, to reflect the light transmitted through the crystal. 
By this means I discovered the systems of rings formed along 
the axes of crystals with one and two axes, which form the 
most splendid phenomena in optical science, and which by 
their analysis have led philosophers to the most important dis- 
coveries. 
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I discovered them in ruby, emerald, topaz, ice, nitre, and a 
great variety of other bodies, and Dr. Wollaston afterwards 
observed them in Iceland spar. 

In order to observe the system of rings romid a single axis 
of double refraction, grind down the summits or obtuse angles 
A X of a rhomb of Iceland spar,^^. 72., and replace them by 
plane and polished surfaces perpendicular to the axis of double 
refraction A X. But as this is not an easy operation without 
the aid of a lapidary, I have adopted the following method, 
which enables us to transmit light along the axis A X without 
injuring the rhomb. Let C D E ¥,fig. 97., be the principal 
section of the rhomb; cement upon 
its surfaces CD, F E, with Canada 
balsam, two prisms, D L K, F G H, 
having the angles L D K, G F H 
each equal to aSout 45° ; and by let- 
ting fall a ray of light perpendicu- 
larly upon the face D Ij, it will pass 
^K along the axis A X, and emerge per- 
pendicularly through the face F G. 
Let the rhomb thus prepared be held 
in the polarized beam r 8, Jig. 94., so that r s may pass along 
the axis A X, and let it be held as near the plate B as possible. 
When the eye is held very near to B, and looks along O « as 
it were through the reflected image of the rhomb C E, it will 
perceive along its axis A X a splendid system of colored rings 
resembling that shown in^^. 96., intersected by a rectangular 

Fig. 98. 
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bJack cross, A B C D, the arms of which meet at the centre 
of the rin^s. The colors in these rings are exactly the same 
as those m Newton's Table of colors, and consequently the 
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same as the system of rings seen by reflexion from the plate 
of air between the object glasses. If we turn the. rhomb 
round its axis, the rings will suffer no change ; but if we fix 
the rhomb, or hold it steadily, and turn round the plate B» 
then, in the azimuths 0^ 90°, 180°, and 270° of its revolution, 
we shall see the same system of rings; but at the intermediate 
azimuths of 45°, 135°, 225°, and 315°^ we shall see another 
system, like that in j^^. 09., in which all the colors are com- 
plementary to those m^. 96., being the same as those seen 

Fig. 99. 




in the rings formed by transmission through the plate of air. 
The superposition of these two systems of riQgs would repro- 
duce white light. 

If, in place of the glass plate B, we substitute a prism of 
calcareous spar, that separates its two images greatly, or a 
rhomb of great thickness, we shall see in the ordinary ima^e 
the first system of rings, and in the extraordinary image the 
second system of complementary rings, when the principal, 
section of the prism or rhomb is in the plane rsO as formerly 
described. 

As the light which forms the first system of rings is polarized 
in an opposite plane to that which forms the second system, 
we may disperse the one system by a^ate, or absorb it by 
tourmaline, and thus render the other visible, the first or the j 
second system being dispersed or absorbed according to the ! 
position of the agate or the tourmaline. 

If we split the rhomb of calcareous spar,^^. 97., into two 
plates by the fissure M N, and examine the rings produced by 
each plate separately, we shall find that the rings produced by 
each plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
ness of the plate diminishes. It will also be found that the 
circular area contained within any one ring is to the circular 
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weft of any otker ring, as the number in Newton's Table cor- 
responding to the tint cf the one ring is to the number corre- 
sponding to the tint of the other. 

If we use homogeneous light, w$ shall find that the rings 
are smallest in ifiolet light and largest in red light, and of in^ 
termediate sizes in the intermediate colors, consisting alwa}^ 
of rings of the color of the light employed, separated by black 
rings. In white light all .the rings formed by the seven di^ 
ferent colors are combined, and constitute the colored system 
above described, according to the' principles which were fully 
explained in Chapter XII. 

'' (115.) All the other crystals which have one axis of double 
refraction, give a similar system of rings along their axis of 
double refraction ; but those produced by the positive crystals, 
such as zircon, ice, &c., though to the eye they differ in no 
respect from those of the negative crystals, yet possess dif> 
ferent properties. If we take a system of rings formed by 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive; an effect which might have been 
expected from the opposite kinds of double refraction possessed 
by these two crystals. 

If we c(Thibine two plates of negative crystals, such as Ice» 
kmd spar knd beryl, the system of rings which they produce 
will be such as would be formed by two plates of Iceland spar^ 
one of which is the plate employed, and the other a ^ate 
which gives rings of the same size as the plate of beryl. But 
if we combine a plate of a negative crystal with a plate of a 
positive crystal, such as one of Iceland spar with one of zir» 
eon or ice, the resulting system of rings, in place of arising 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
fi plate of Iceland spar whose thickness is equal to the differ- 
ence of the thicknesses of the plate of Iceland spar employed, 
and another plate of Iceland spar that would give rings of the 
same size as those produced by the zircon or ice. 

These experiments of combining rings are not easily made, 
unless we employ crystals which have external faces perpen- 
dicular to the a^is of double refraction, such as the variety of 
IcelarfH spar called spath calcaire basee, some of the micas 
with one axis, and well crystallized plates of ice, &c. When 
two such plates cannot be obtained, I have adjusted the axes 
of the two plates so as to coincide, by placing between them, 
at their edgBs, two or three small pieces of soft wax, by press- 



OIIJ^P. Xfll. RINGS IN CRYSTALS WITH ONE AXIS. 169 

ing which in different directions, we may produce a sufficiently 
accurate coincidence of the systems of rings to establish tbo 
.preceding conclusions. 

If, when two systems of rings are thus combined, eitlier 
both negative or both positive, or the one negative and the 
other positive, we interpose between the plates which produce 
them crystallized films of sulphate of lime or mica, we shall 
produce the most beautiful changes in the form and character 
of the rings. This experiment I found to be particularly 
.splendid when the film was placed between two plates of the 
spcUh calcaire basee of the same thickness, and taken from the 
.same crystal By fixing them permanently with their faces 
parallel, and leaving a sufficient interval between them for 
the introduction of films of crystals, I had an apparatus by 
which the most splendid phenomena were produced. The 
.rings were no longer symmetrical round their axis, but exhib- 
ited the rabst beautiful variety of forms during the rotation of 
the combined plates, all of which are easily deducible from the 
general laws of double refraction and polarization. 

The table of crystals that have negative double refraction 
shows the bodies that have a negative system of rings ; and 
the table of positive crystals indicates those that haveg^ posi- 
tive system of rings. 

(116.) The following is the method which I have used for 
distinguishing whether any system of rings is positive or 
aegative. Take a film of sulphate of lime, such as that shown 
at OE D F, fig. 94., and mark upon its surface the lines or 
neutral axes CD, E F as nearly as may be. Fix this film by 
a little wax on the surface, L D or F G, fig. 97., of the rhomb 
which produces the negative system of rings. If the film 
produces alone the red of the second order, it will now, when 
combined with the rhomb, obliterate part of the red ring of 
the second order, either in the two quadrants A C, B D, fig, 
98., or in the other two, A D, C B. Let it obliterate the red 
in A C, B D ; then if the line C D^fig. 94, of the film crosses 
these two quadrants at right angles to the rings, it will be the 
principid axis of the sulphate of lime ; but if it crosses the 
other two quadrants, then the line E F, which crosses the 
quadrants A C, B D, will be the principal axis of sulphate of 
fime, and it should be marked as such. We shall suppose, 
however, that C D has been proved to be the principal «xis. 
Then, if we wish to examine whether any other system of 
rings is positive or negative, we have only to cross the rings 
wiSi the axis C D, by mterposing the film : and if it obi iter- 
ates the red ring of the second 'C^er in th^ quadrant which it 
P 
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crosses, the system will be negative ; but if it obliterates the 
same ring in the other two quadrants which it does not cross, 
then the system will be positive. It is of no consequence 
what color the film polarizes, as it will always obliterate the 
tint of the same nature in the system of rings under exam- 
ination. 

(117.) In order to explain the formation of the systems of 
rings seen along the axes of crystals, we must consider the 
two causes on which they depend ; namely, the thickness of 
the crystal through which the polarized light passes, and the 
inclination of the polarized light to the axis of double refrac- 
tion or the axis of the rings. We have already shown how 
the tint or color varies with the thickness of the crystallized 
body, and how, when we know the color for one thickness, we 
may determine it for all other thicknesses, the inclination of 
the ray to the axis remaining always the same. We have 
now, therefore, only to consider the effect of inclination to the 
axis. It is obvious that along the axis of the crystal, where 
the two black lines A B, C J), fig, 98., cross each other, there 
is neither double refraction nor color. When the polarized 
ray is slightly inclined to the axis, a faint tint appears, like 
•the blae in the first order of Newton's scale ; and as the incli- 
nation gradually increases, all the colors in Newton's table are 
produced in succession, from the very black of the first order 
up to the reddish white of the seventh order. Here, then, it 
appears that an increase in the inclination of the polarized 
light to the axis corresponds to an increase of thickness ; so 
that if the light always passed through the same thickness of 
the mineral, the different colors of the scale would be pro- 
duced by difference of inclination alone. Now, it is found by 
experiment, that in the same thickness of the mineral, the 
numerical value of the tints, or the numbers opposite to the 
tints in the last column of Newton's table, vary as the square 
of the sine of the inclination of the polarized ray to the axis. 
Hence it follows, that at equal inclinations the same tint will 
be .produced; and consequently, the similar tints will be at 
equal distances from the axis of the rings, or the lines of equal 
tint or rings will be circles whose centre is in the axis. Let 
us suppose that at an inclination of 30° to the axis we observe 
the bltte of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45°. The sine 
of 30° is -5, and its square "25. The sine of 45° is -7071, and 
its square .5. Then we say, as '25 is to 9, so is -5 to 18, which 
in the table is the numerical value of the red of the third 
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order. If we suppose the thickness of the mineral to be in- 
creased at the inclinations 30^ and 45°, then the numerical 
value of the tint would increase in the same proportion. 

It is obvioi;s from' what has been said, that the polarizing 
tbrce, or that which produces the rings, vanishes when the 
double refraction vanishes, and increases and diminishes with 
the double refraction, and according to the same law. The 
polarizing force, therefore, depends on the force of double re- 
fraction; and we accordingly find that crystals with high 
double refraction have the power of producing the same tint, 
either at much less thicknesses, or at much less inclinations to 
the axis. In order to compare the polarizing intensities of 
different crystals, the best way is to compare the tints which 
they produce at right angles to the axis where the force of 
double refraction and pcnarization is a maximum, and with a 
given thickness of the mineral. Thus, in the case given 
above, we may find the tint at right angles to the axis, by 
taking the square of the sine of 90°, which is 1 ; so that we 
have the following proportion : as -25 is to 9, so is 1 to 36, the 
value of the maximum tint of calcareous spar at right angles 
to the axis, upon the supposition that a tint of the value of 9 
was produced at an inclination of 30°. If we have measured 
the thickness of Iceland spar at which the tint 9 was produced, 
we are prepared to compare the polarizing intensity of Iceland 
spar with that of any other mineral. Thus, let us take a plate 
of quartz, and let us suppose that at an inclination of 30°, 
and witJi a thickness fifty-one times as great as that of the 
plate of Iceland spar, it produces a yellow of the first order, 
whose value is about 4. .Then to find the tint at 90°, or at 
right angles to the axis, we say, as the square of the sine of 
30°, or -25, is to 4, so is the square of the sine of 90°, or 1, to 
16, the tint at 90°, or the green of the third order. Now the 
polarizing power or intensity of the Iceland spar would have' 
been to that of the quartz as 36 to 16, or 2\ times as great, if 
the thickness of the two minerals had been the same ; but as 
the thickness of the quartz was 51 times as great as that of 
the Iceland spar, the polarizing intensity of the Iceland spar 
will be 51 multiplied by 2^ times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several observers, but the following have been 
given by Mr. Herschel : — >. 
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Polarizing Intensities of Crystals wUh One Axis, 



Iceland spar ... 
Hydrate of strontia - 
Tourmaline . - - 
Hyposulphate of lime - 

Quartz 

Apophyllite, 1st variety 
Camphor .... 
Vesuvian - - . - 
Apophyllite, 2d variety 
3d variety 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



0-U00028 
0-000802 
0-001175 
0-002129 
0-003024 
0-009150 
0-0098CI5 
0-024170 
0-030374 
0-366G20 



The above measures are suited to yellow light, and the 
numbers in the second column show the proportions of the 
thicknesses of the difierent substances that produce the same 
tint The polarizing force of Iceland spar is so enormous at 
right angles to the axis, that it is almost imphicticable to pre- 
p^e a film at it sufficiently thin to exhibit tne colors in New- 
ton's table. 



CHAP. xxin. 

Olf THE SYSTEMS OF COLORED RINGS IN CRYSTALS WITH 
TWO 



(118.) It was long believed that all crystals bad only one 
axis of double refraction ; but, after I discovered the double 
system of rings in topaz and other minerals, I found that these 
minerals had two axes of double refraction as well as of polar- 
ization, and that the possession of two axes characterized the 
great body of crystals which are either formed by art, oi 
which occur in the mineral kingdom. 

The double system of rings, or rather one of the sets of thi 
double system of rings in topaz, first presented itself to me 
when I was looking along the axis of topaz, which reflected a 
part of the light of the sky that happened to be polarized, so 
that they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other minerals, however, 
the axes of "double refraction are so much inclined to one an- 
other, that we cannot sep the two systems of rings at once. I 
shall therefore proceed to explain them as exhibited by nitre, 
in which I also discovered them and examined many of their 
properties. ' 
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Nitre, or saltpetre, is an artificial substance which crystal- 
lizes in six-sided prisms with angles of about 120°. It belongs 
to the prismatic system of Mohs, and has therefore two axes 
of double refraction along which a ray of light is not divided 
into two. These axes are each inclined about 2^° to the axis 
of the prism, and about 5° to each other. If, therefore, we cut 
off a piece of a prism of nitre with a knife driven by a smart 
blow from a hammer, and polish two flat surfaces perpendicu- 
lar to the axis of the prism, so as to leave a thickness of the 
sixth or eighth of an inch, and then transmit the polarized 
light r s. Jig. 94., along the axis of the prism, keeping the 
crystal as near to the plate B as possible on one side, ana the 
eye as near it as possible on the other, we shall see the double 
system of rings, A B, shown in Jig. 100., when the plane pass- 
ing through O.e two axes of nitre is in the plane of primitive 



fV^. 100. 



Fig. 101. 





polarization, or in the plane of reflexion r s O, fig. 94., and 
the system shown in^^. 101. when the same plane is inclined 
45^ to either of these planes. In passing from the state ot 
Jig. 100. to that of ^. 101., the black lines assume the forma 
shown in Jigs. 102. and 103. 

These systems of rings have, generally speaking, the same 
colors as those of thin plates, or as those of the systems of 
rings round qne axisL The orders of colors commence at the 
P2 
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centres A and B of each system ; but at a certain distance, 
which in Jig, 100. corresponds to the sixth ring, the rings, in 



Fiff. 102. 



Fig. 103. 





place of returning and encircling each pole A and B, encir- 
cle the two poles as an ellipse does its two foci. 

When we diminish the thickness of the plate of nitre, the 
rings enlarge ; the fifth ring will then surround both polea 
At a less thickness, the fourth ring will surround thfem, till at 
last all the rings will surround both poles, and the system will 
have a great resemblance to the system surrounding one axis. 
The place of the poles A, B never changes, but the black 
lines A B, C D become broad Tmd indefinite ; and the whole 
system is distinguished from the single system principally by 
the oval appearance of the rings. 

If we increase the thickness of the nitre, the rings will di- 
minish in size ; the colors will lose 'their resemblance to those 
of Newton's scale; and the tints do not commence at the 
poles A, B, but at virtual poles in their proximity. The color 
of the rings within the two poles is red, and without them 
blue ; and the great body of the ritigs is pink and green. 

As the same color exists in every part of the same curve, 
the curves have been called isochromatic lines, or lines of 
equal tint The lines or axes along which there is no double 
refraction or polarization, and whose poles are A, B, Jig. 100., 
have been called optical axes, or axes of no polarization, or 
axes of compensation^ or resultant axes; because they have 
been foimd not to be real axes, but lines along which the op- 
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posite actions of other two real axes have been compensated, 
or destroy one another. ^ 

(119.) In various crystallized bodies, such as nitre and cr- 
ragoniCe^ where the inclination of the resultant axes, A, B, 
jfig, 100., is small, the two systems of rings may be easily 
seen at the same time; but when the inclirtation of the result- 
ant axes is great, as in topaz, sulphate of iron, &c, we can 
only see one of the systems of rings, which may be done most 
advantageously by grinding and polishing two parallel faces 
perpendicular to the axis of the rings. In mica and topaz, 
and various other crystals, the plane of most eminent cleavage 
is equally inclined to the two resultant axes ; so that in such 
bodies the systems of rings may be readilyfound and easily 
exhibited. 

Let M N, for example, ^^. 104., be a plate of topaz, cut or 
split so as to have its face perpendicular to the axis of the 




rtgr. 105. 



prism in which this body crystallizes. If we place this plate, 
Jig. 104., in the apparatus ^^. 94. so that the polarized ray r s. 
Jig. 94., passes along the line A B c E, 
Jig. 104., and if the eye receives this 
ray when reflected from the analyzing 
plate B, it will see in the direction of 
that ray a system of oval rings, like 
that in^^. 105. In like manner, if 
the polarized light is transmitted along 
the line CBdu, the eye will see an- 
other system perfectly similar to the 
first The lines A B e E and C B (i D 
are, therefore, the resultant axes of 
topaz. The angle ABC will be found 
equal to about 121^ 16' ; but if ,we 
compute the inclination of the refract- 
ed rays 'Bd,B e, we shall find it, c 
the angle d B e, to be only 65° ; which 
is, therefore, the inclination of the op^ 
tical or resultant axes of topaz. 
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If we enippose the plate of nitre fixed in any of the positions 
which give any of the rings shown in^^«. 100, 101, 102, or 
103., then, if we turn round the plate B, we shall observe in 
the azimuths of 90® and 270° a system of rings complement- 
ary to each, in which the black cross in Jig* 100. and the 
black hyperbolic carves in Jigs. 101. 108. are white, all the 
other dark parts light, and the red green, the green red, &R. 
as in the single system of rings with one axis. - 

In the preceding observations we have supposed the polari- 
zation of the incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; but in 
certain cases they may be shown by common light with the 
analyzing plate, or by polarized light without the analyzing 
plate B, and in some cases without either the light being po- 
larized or analyzed. If in topaz, for example. Jig, 104, we 
allow common light to fall in the direction A B, so as to be 
refracted alon^ B 6, one of the resultant axes, and subsequently 
reflected at c from the second surface, and reaching the eye 
at c, we shall see, after reflexion from the analyzing plate,* 
the system of rings in Jig. 105. ; or if A B is polarized light, 
the rings will be seen by the eye at c without an analyzing 
plate. There are several other curious phenomena seen under 
these circumstances, which I have described in the PhiL 
Transactions for 1814, p. 203. 211. 

I have found some crystals of nitre which exhibit their 
rings without the use either of polarized light or an analyzing 
plate ; and Mr. Herschel has found the same property in some 
crystals of carbonate of potash. 

(120.) When the preceding phenomena are seen by polar- 
ized homogeneous light, in place of white light, the rings are 
bright curves, separated by dark intervals ; the c^f ves having 
always the color of the light employed. In many crystals the 
difierence in the size of the rings seen in diflferent colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place ; but Mr. Herschel found that there 
were crystals, such as tartrate of potash and soda, in which 
the variation in the size of the rmffs was enormous, being 
greatest in red, and least in violet light, and in which the 
distance A B,Jigs. lOOi 101., or the inclination of the resultant 
axes, varied from 56° in violet light to 76° in rerf,.the inclina- 
tion having intermediate values for intermediate colors, and 
the centres of all the diflerent systems lying in the line A R 
When all these systems of rings are combined, as they are in 
usin^ white light, the system of rings which they form is eix- 
ceedmgly irregular, the two oval centres, or the halves of the 
first order of colors, being drawn out with long spec^ja or 
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tails of red, green, and violet light, and the ends of all the 
other rings being red without the resultant axes, and blue 
within. 

Mr. flerschel found other crystals in which the rings are 
smallest in red^ and largest in blue light, and in which the 
inclination of the axes or A B is least in red, and greatest in 
violet light 

In all crystals of this kind, the deviation of the tints, or the 
colors of the rings seen in white light, from Newton's Table 
is very considerable, and may be calculated from the preceding 
principles. This deviation I found to be very great, even in 
crystals with one axis of double refraction and one system of 
rings, such as apophyllite where the rinm have scarcely any 
other tints than a succession of greenish yellow, and reddish 
purple ones. By viewing these rings in nomogeneous light, 
Mr. Herschel has found 3iat the system is a ne^tive one for 
the rays at the one end of the spectrum, a jxisitive one for the 
rays at the other end of the spectrum, and that there are no 
rings at all in yellow liffht 

A similar and equally curious anomaly I have found in 
glauberite, which is a crystal which has two axes of double 
refraction, or two systems of rings for red light, and one nega- 
tive system for vjplet light 

(121). All the singularities of these phenomena disappear, 
and may be rigorously calculated by supposing the remltant 
axes of crystals where there are two, or the single axis where 
there is one, with a system of rings deviating m>m Newton's 
scale, as merely apparent axes, or axes of compensation, pro- 
duced by the opposite action of two or more rectangular axes, 
the principal one of which is the line bisecting the angle 
formed by the two resultant axes. Upon this principle, I have 
shown that all the phenomena presented by such crystals may 
be computed with as much accuracy as we can compute the 
motions of the heavenly bodies. 
The method of doing this may be understood from the fol- 
lowing observations. Let A C B D, 
fig, 106., be a crystal with two axes 
turned into a sphere. Let P, P be the 
poles of the axes, O the point bisecting 
them, and A B a line passing through 
O, and perpendicular to C D, a line 
passing through P, P. Let us suppose 
an axis to pass through O, perpendicu- 
lar to the plane A C B D, then we may 
account for all the phenomena of such 
crystals, by supposing the axis at O to be the .principal one, 
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and the other axis to be along either of the diameters A B or 
C D. If we take C D, then the axes O and -C D must be both 
of the same name, either both positive or both negative ; but 
if we take A B, the axes must be one positive and the other 
negative ; or, what is perhaps the simplest supposition for il- 
lustration, we shall suppose the two rectangular axes which 
produce all the phenomena to be A B, C D, either both positive 
or both negative, leaving out the one at O. Supposing A O B, 
C P P D to be projections of great circles of the sphere, then 
P, P are the points where the axis A B destroys the effect of 
the axis C D ; that is, where tlie tints produced by each axis 
must be equal and opposite. Now, if we suppose the arch 
C P to be 60°, then, since A P is 90°, it follows that the axis 
C D produces at 60° the same tint that A B does at 90°, and 
Consequently the polarizing intensity of C D will be to that 
of A B as the square of the sine of 90° is to the square of the 
sine of 60°, or as 1 to 0*75, or as 100 to 75. The polarizing 
force of each axis being thus determined, it is easy to find the 
tint which will be produced by each axis separately at any 
given inclination to the axis, by the method formerly explain- 
ed. Let E be any point on the surface of the sphere, and let 
the tints produced at that point be 9, or the blue of the second 
order, by C D, and 16, or the green of the th^rd order, by A R 
Let the inclination erf" the planes passing through A iJ, C E, ' 
or the spherical angle C E A be determined, then the tint at 
the point E will correspond to the diagonal i;if a parallelogram 
whose sides are 9 and 16, and whose an^le is double the anffle 
C E A. This law, which is general, and applies also to double 
refraction, has been confirmed by Biot and Fresnel, the last 
of whom has proved that it coincides rigorously with the la>V 
deduced from the theory of waves. 

If the axes A B, C I) are equal, it follows that they will 
produce the same tint at equal inclinations ; that is, they will 
compensate each other only at one point, viz. O, and will pro- 
duce round O a system of colored rings, the very same as if 
O were a single axis of double refraction of an opposite name 
to A B, C D. If the axis A_B has exactly the same propor- 
tional action that C D has upon each of the differently colored 
rays, a compensation will take place for each color exactly at 
O, the centre of the resultant systems of rings, and the colors 
will be exactly those of Newton's scale. But if each axis ex- 
ercises a different proportional action upon the colored rays, a 
compensation will take place at O for some of the rays (for 
violet, for example), while the compensation for red will take 
place on each side of O ; consequently, in such a case tlie 
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crystal will have one axis for violet light, and tv>o ares for red 
hght, like glauberite. 

The phenomena of apophyllite may, in a similar manner, 
be explained by two equal negative axes, A B, C D, and a 
positive axis at O. 

According to this method of combining the action of dif. 
ferent rectangular axes, it follows that three equal and rectan- 
gular axes, either all positive or all negative, will destroy one 
another at every point of the sphere, and thus produce the 
very same effect as if the crystal had no double refraction and 
polarization at all. Upon this principle I have explained the 
absence of double refraction in all the crystals which form the 
tessular system of Mohs, each of the primitive forms of which 
has actually three similarly situated and rectangular axes. If 
one of these axes is not precisely equal to the other, and the 
crystallization not perfectly uniform, traces of double refrac- 
tion will appear, which is found to be the case in muriate of 
soda, diamond, and other bodies of this clasa 

(122.) The following table contains the polarizing inten- 
sities of some crystals with two axes, as given by Mr. Her- 
echel : — 

Polarizing Intensities of Crystals mth Two Axes, 





V«ltie of 
highot 
Tint. 


ThiikncMmi that 


Nitr*» 


7400 

1900 

1307 

521 

249 


0-000135 
0-000526 
0*000765^ 
0-001920 

0-004021 


Anhydrite, inclination of axes 43° 48' 
Mica, inclination of axes 45° ... 

Sulphate of baryta 

Heulandite (white), inclination of( 
axes 54=^17' J 



CHAP. XXIV. 

INTERFERENCB OF POLARIZED LIGHT.— ON THE CAUSE OF THE 
COIX)RS OF CRYSTALLIZED BODIES. 

(123.) Having thus described the principal phenomena of 
the colors produced by regularly crystallized bodies that pos- 
sess one or ttoo axes of double refraction, we shall proceed to 
explain the cause of these remarkable phenomena. 

Dr. Young had the great merit of applymg the doctrine of 
interference to explain the colors produced by double refrac- 
tion. When a pencil of light Ms upom a thin plate of a 
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doubljr refracting crystal, it is separated into two, which move 
through the plate with different velocities, corresponding to 
the different indices of refraction for the ordinary and extra- 
ordinary ray. In calcareous spar, the ordinary ray moves 
with greater velocity than the extraordinary one ; and there- 
fore they ought to interfere with one another, and in homo- 
geneous light produce rings consisting of bright and dark cir- 
cles round the axis of double refraction. According to this 
doctrine, however, the rings ought to be produced in common 
as well as in polarized light; but as this was not the case, Dr. 
Young^s ingenious hypo^esis was long neglected. The sub- 
ject was at last taken up by Messrs. Fresnel and Arago, who 
displayed great address in their investigation of the subjectt 
and succeeded in showing how the production of the rings de- 
pended on the polarization of the incident pencil and its sub- 
sequent analysis by a reflecting plate or a doubly refracting 
prism. 

The following are the laws of the interference of polarized 
light as discovered by MM. Fresnel and Arago : — 

1. When two rays polarized in the same plane interfere 
with each other, they wiU produce by tlieir interference fringes 
of the very same kind as if they were common light. 

This law may be proved by repeating the experiments on 
the inflexion of light, mentioned in Chap. XL, in polarized in 
place of common light ; and it will be found that the very 
same fringes are produced in the one case as in the other. 

2. When two rays of light are polarized at right angles 
to each other, they produce no colored fringes in the same cir- 
cumstances under which ttco rays of common light wovld 
produce them. When the rays are polarized at angles inter- 
mediate between 0° and 90°, they produce fringes of inter- 
mediate brightness, the fringes being totcdly obliterated at 
90°, and recovering their greatest brightness at 0°, as in 
Law L 

Li order to prove this law, MM. Fresnel and Arago adopted 
several methods, the simplest of which is the following, em- 
ployed by the latter. Having made two fine slits in a thin 
plate of copper, he placed the copper behind the focus F of a 
lens, as in ^g-. 58., and received the shadow of the copper 
upon the screen C D, where the fringes produced by the inter- 
ference of the rays passing through the two slits were visible. 
In order, however, to observe the fringes more accurately, he ' 
viewed them with an eye-glass, as formerly described. He 
next prepared a bundle of transparent plates, like either of 
those shown at A'tnd B,^^. 93., made of fifteen thin films of 
rmoa or plane glass, and he divided this bundle into two, by 
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a sharp catting' instrument At the line of division these 
bundles had as nearly as possible the same thickness, and they 
were capable of polarizing completely light incident upon 
them at an angle of 30^. These bundles werp then placed 
before the slits so as to receive and transmit the rays from the 
focus F at an incidence of 30°, and through portions of the 
mica* in each bundle that were very near to each other pre- 
vious to their separation. The bundles were also fixed to re- 
volving frames, so that, by turning either bundle round, their 
planes of polarization could be made either parallel or at right 
ffflgles to each other, or could be inclined at any intermediate 
angle. When the bundles were placed so as to polarize the 
rays in parallel planes, the fringes were formed by the slits 
exactly as when the bundles were removed; but when the 
rays were polarized at 90°, or at right angles to each other, 
the fringes wholly disappeared. In all intermediate positions 
the fringes appeared with intermediate degrees of brightness. 

3. 1\do rays originally polarized at right angles to each 
other may be subsequently brought into the same plane ofpo- 
larizationy without acquiring the power of forming fringes 
by their interference. 

If, in the preceding experiment, a doubly refracting crystal 
be placed between the eye and the copper slits, having its 
principal section inclined 45° to either of the planes of polari- 
zation of the interfering rays, each pencil will be separated 
into two equal ones polarized in two rectangular planes, one 
of which planes is the principal section itself. Two systems 
of fringes ought, therefore, to be produced ; one system from 
the interference of the ordinary ray from the right hand slit 
with that of the ordinary ray from the left hand slit, and an- 
other system from the interference of the extraordinary ray 
from the right hand slit with the extraordinary ray from the 
left hand slit ; but no such fringes are produced. 

4. Two rays polarized at right angles to each other, and 
ftfterwards brought into similar planes of polarization, pro- 
duce fringes by their interference like rays of common light, 
provided they belong to a pencil, the whole of which was 
originally polarized in the same plane. 

5. In the phenomena of interference produced by rays that 
have suffered double refraction, a difference of half an undu' 
lotion must be allowed, as one of the pencils is retarded by 
that quantity from some unknown cause. 

The second of these laws afibrds a direct explanation of 
the feet which perplexed Dr. Young, that no fringes are ob- 
servfHl when light is transmitted through a thin plate possess- 
ing Oouble refractioD- T^je two pencils thus produced do not 
Q 
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form fringes by their interference, because they are polarized 
in opposite planes. 

The production of the fringes by the action of doubly re- 
fracting crystals on poliEurized light may be thus explained, 
Let M Njjig. 107., be a section of the plate of sulphate of 
jp^, 107. lime, C E D F, Jig. 94., and B the ana- 

lyzing plate. Let R r be a polarized 
iM. A ray incident upon the plate M N, and 

/^ let O and E be the ordinary and ex- 
Q J i«r. traordinary rays produced by the 
B 4^^ double refraction of the plate M N. 
When the plate M N is in such a po- 
N sition that cither of its neutral axes 

C D, £ F, j^. 94., are in the plane of primitive polarization 
of the ray Rr,fig: 107., then one of the pencils will not suf- 
fer reflexion by the plate B, and consequently only one of the 
rays will be reflected. Hence it is obvious that no colors can 
be produced by interference, because there is only one ray. 
But in every other position of the plate M N, the two rays, 
O «, E 9, will be reflected by the plate B ; and being polarized 
by the plate in the same plane, they will, by Law 1., interfere, 
and proiduce a color or a ft-inge corresponding to the retardation 
of one of the rays within the plate, arising from the difference 
of their velocities. If we call d the interval of retardation 
within the plate M N, we must add to it half an undulation 
to get the real interval, as one of the rays passes from the or- 
dinary to the extraordinary state. If we now suppose the 
plate B to make a revolution of 90°, M N remaining fixed, 
then the ray E will be reduced to the ordinary state ; and con- 
sequently we must subtract half an undnlation from d, the in- 
terval of^^ retardation within the. plate, to have the real differ- 
ence of the intervals of retardation. Hence the two intervals 
of retardation will difier by a whole undulation ; and conse- 
quently the color produced when the plate B has been turned 
round 90°, will be complementary to that which is produced 
when the plate B has the position shown in^^. 107. 

If we suppose the rays E and O to be received up<Mi and 
analyzed by a prism of Iceland spar, we shall have two or- 
dinary rays interfering to form the colors in one image, and 
two extraordinary rays inteifering to produce the complement- 
ary colors in the other imacfe. 
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CHAP. XXV. 

ON THE POLARIZING 8TRUCTUR£ OF ANALCIHE. 

(124.) In a preceding chapter I have mentioned the .very 
remarkable double refraction which is possessed by analcime. 
This mineral, which is also called cubizite^ has been regarded 
by mineralogists as having the cube for its primitive form ; but 
if this were correct, it should have exhibited no double refrac- 
tion. Analcime has certainly no cleava^ planes, and it musl 
be regarded at present as forming in this respect as great an 
anomaly in cry^allography as it does in> optics by its extra- 
ordinary optical phenomena. 

The most common form of the analcime is the solid called 
the icositetraheclroriy which is bounded by twenty-four equal 
and similar trapezia ; and we may regard it as derived from 
tiie cube, by cutting off each of its angles by three planes 
equally inclined to the three faces which contain the solid 
angle. If we now conceive the cube to be dissected by planes 
passing through all the twelve diagonals of its six faces, each 
of these planes will be found to be a plane of no double re- 
fraction, or polarization ; that is, a ray of polarized light trans- 
mitted in any direction whatever, provided it is in one of these 
planes, will exhibit none of the polarized tints when tlie 
crystal is placed in the apparatus, fig, 94. These planes of 
no double refraction are shown by dark lijies in Jigs. 108. and 
109. If the polarized ray is in- 
cident in any direfetion which 
is out of these planes, it will 
be divided into two pencils, and 
exhibit the finest tints, all of 
which are related to the planes of 
no double refraction. The double 
refraction is sufficiently great to 
admit a distinct separation of the 
images when the incident ray 
passes through any pair of the 
four planes which are adjacent to 
the three axes of the solid, or of 
the cube from which it is derived. 
The least refracted image is the 
extraordinary one ; and conse- 
quently the double refraction is 
negative in relatioii to the axes 
to which the doubly refracted ray . 
is perpendicular. 




/ 
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In all other doubly refracting crystals, each particle has the 
same force of double refraction; but in the analcime, the 
double refraction of each particle varies with the square of its 
distance from the plane^ already described. 

The beautiful distribution of the tints shown in Jigs. 108. 
and 109. cannot, of course, be exhibited to the eye at once, 
but are deduced by transmitting polarized light in every 
direction through the mineral. 

In several of the crystals, the tints rise to the third and 
fourth order ; but when the crystals are very small, the tints 
do not exceed the white of the first order. The tints are ex- 
actly those of Newton's scale, which indicates that they are 
not the result of opposite and dissimilar actions. In figs. 108. 
and 109. the tints are represented by the faint shaded lines 
having their origin from the planes where the double refrac- 
tion disappears. 

The preceding property jof analcime is a simple and easily 
applijed mineralogical character, which would identify the most 
shapeless fragment of the mineral. 

The abbe Bauy first observed in. this mineral its property 
of yielding no electricity by friction, and derived the name of 
analcime from its want of this property. When we consider 
that the crystal is intersected by numerous planes, in which 
the ether does not exist at all, or has its properties neutralized 
by opposite actions, we may ascribe to this cause the difficulty 
with which friction decomposes the natural quantity of elec- 
tricity residing in the mineral. 



CHAP. XXVI. 

ON CIRCUIAR POLARIZATION. 

(125). In all crystals with one axis there is neither double 
refraction nor polarization along the axis; and this is indicated 
in the system of rings, by the disappearance of all light in the 
centre of the rings at the intersection of tlie black cross. 
When we examine, however, the system of rings produced 
by a plate of rock crystal whose faces are perpendicular to the 
axis, we find that the black cross is obliterated witliin the 
inner ring, which is occupied with a imiform tint of red, 
green, or blue, according to the thickness of the plate. This 
effect will be seen in fig. 110. M. Arago first observed 
these colors in 1811. He found that when they were analyzed 
Dy a prism of Iceland spar, the two images had complementary 
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colon, and that the colors changed, descending in Newton's 
Fig, 110. scale as the prism revolved ; so that if 

the color of the extraordinary image 
was redy it became in succession orange, 
yellow, green, and violet. From this 
result he concluded, that the differently 
colored rays had been polarized in di^ 
ferent planes, by jkassmg along the axis 
of the rock crystal. In this state of the 
subject, it was taken up by M. Biot, who 
investigated it with much sagacity and 
success. 
Lfet C E D F be the plate of quartz, fig, 94.; along whose 
ixis a polarized ray, r», is transmitted. When the eye is 
placed at O, above the analyzing plate fixed as in the figure, 
it will see, for example, a ch-cular red space in the centre of 
the rings. If we turn the quartz round its axis, do change 
whatever takes place ; but if we turn the plate B from right 
to left, through an angle of 100° for example, we shall observe 
the red change to orange, yellow, green, and violef, the latter 
having a darK purple tinge. If we now cut from the same 
prism of rock crystal another plate of twice the thickness, and 
Dlace it in the apparatus, the plate B remaining where it was 
Jeft, we shall find that its tint is different from that of the* 
lormer plate ; but by turning the plate B 100° farther, we 
shall again being the tint to its least brightness, viz., a sombre 
riolet By a plate thrice as thick, the least brightness will 
be obtained by turning the plate B 100° farther, and so on, till, 
when the thickness is very great, the plate B may have made 
several complete revolutions. Now, it might happen that a 
Sickness had been taken, so that the rotation of B which pro- 
duced the sombre violet was 360°, or terminated in the point 
!>°, from which it set out, which would have perplexed the 
"bserver, if he had not made the succession of experiments 
Tirhich we have mentioned. 

This phenomenon will be better understood, by supposing 
^hat we take a plate of quartz ^th of an inch thick, and use 
*he different homogeneous rays of the spectrum in succession. 
Begmning with red, we shall find that the fed light in the 
centre of the rings has its maximum brightness when the 
"^late B is at 0° of azimuth, as in fig, 94. If we turn B from 
''ight to Ze/l, the red tint will gradually decrease, and after a 
"otation of 17^° the red tint wUl wholly vanish, having reach- 
ed its minimum. With a plate ^ths thick, the red will 
'anish at 35°, every additional thickness of the 25th of an 
nch requiring an additicaial rotation of 17^°. If the light is 
Q2 
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violet, the same thickness, viz., ^th of an inch* Will require a 
rotation of 41° to make it vanish, every additkmal 25th of 
an inch of thickness requiring a rotation of 41° more. 

(126.) The rotations for different colors corresponding to L 
millimetre, or ^th of an inch of quartz, are as follows : — 



HomoKeneona Bey. 


Arwflf 1 
Rotatioo. 




Am of 
arMioB. 


Extreme red 

Mean red 

Limit of red and orange - 

Mean oranf^e 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- . 
Mean green ... 


17O30' 

19 00 

20 29 

21 24 

22 19 

24 00 

25 40 
27 51 


Limit of green and blue - 

Mean blue 

Limit of blue and indigo 
Mean indigo . . . - 
Limit of iqdigo and violet 

Mean violet 

Extreme violet - - • 


30O03' 

33 19 

34 34 

36 07 

37 41 
40 53 
44 05 



Upon trying various specimens of quartz, M. Biot found 
that there were several in which the very same phenomena 
were produced by tumkig the plate B from left to right. 
Hence, in reference to this property, quartz may be divided 
into right-handed and lejl-handed quartz. 

Prom these interesting facts it follows, that, in passing 
along the axis of quartz, polarized light comports itself, at its 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral within the crystal, in some speci- 
mens from right to left, and in others from left to right, " To 
tjonceive this distinction," says Mr. Herschel, " let the reader 
take a common cork-screw, and holding it with the head to- 
wards him, let him turn it in the usual manner as if to pene- 
trate a cork. The head will then turn the same way as the 
plane of polarization of a ray, in its progress from the spec- 
tator through a right-handed crystal, may be conceived to do. 
If the thread of the cork-screw were reversed, or were what 
js termed a left-handed thread, then the motion of the head 
as the instrument advances would represent that of the plane 
of polarization in a left-handed specimen of rock crystal." 

From the opposite characters of these two varieties of quartz, 
it follows, that if we combine a plate of right-handed with a 
plate of left-handed quartz, the resMt of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknessea Thus, if a 
plate ^^^th of an inch thick c^ right-handed quartz is combined 
with a plate ^ths thick of left-handed quartz, the same colors 
will be produced as if we used a plate ^^^ths of an inch 
thick of left-handed quartz. When the thicknesses are equal, 
the plates of course destroy each other's effects, and the sys- 
tem of rings with the black cross will be distinctly seen. 

(127.) In eaounining the phenomena of circular pcdarizatioh, 
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m the amethyst^ I found that it possessed the power in the 
same specimen of turning the planes of polarization both 
from right to left and from l^ to rights and that it actually- 
consisted of alternate strata of right and left-handed quartz^ 
whose planes were parallel to the axis of double refraction of 
the prism. When we cut a plate perpendicular to the axis of 
the prism, we therefore cut across these strata, as shown in 
fig. 111., which exhibits sections of the strata which occur 
J^^. 111. opposite the three alternate feces of the 

six-sided prism. The shaded lines are 
those which turn the planes of polariza- 
tion from right to left^ while the inter- 
mediate unshaded ones and the three un- 
. shaded sectors turn them from left to 
right. These strata are not united to- 
gether like the parts of certain composite 
crystals, whose dissimilar faces are 
brought into mechanical cont^t ; for the 
right and lefl-handed strata destroy each 
other at the middle line between each stratum, and each stra^ 
turn has its maximum polarizing force in its middle line, tlie 
force diminishing gradually to me lines of junction. 

In some specimens of amethyst the thickness o( these strata 
i»so minute, that the action of the right-handed stratum ex- 
tends nearly to the central line of the lefl-handed stratum, 
and vice versa, so as nearly to destroy each other ; and hence 
in such specimens we see the system of colored rings with 
the black cross almost entirely uninfluenced by th.e tints of 
circular polarization. A vein of an^ethyst, therefore, i^^^th of 
on inch thick in the direction of the axis, may be so thin in 'a 
direction perpendicular to the axis tliat the arc of rotation for 
the red ray may be {P ; and we shall have the curious phe- 
nomenon of a plate which polarizes circularly only the most 
refrangible rays of the spectrum. By a greater degree of 
thinness in the strata, the plate would be incapable of polar- 
izing circularly the yellow ray ; and by a greater thinness 
Btill, there would be no action on the violet light These 
feeble actions, however, might be rendered visible at great 
thicknesses of the mineral. 

We may therefore conclude that the axes of rotation in 
amethyst vary from 0° to each of the numbers in the preceding 
table, according to the thickness of the strata. 

The coloring matter of the amethyst I have found to be 
curiously distributed in reference to these views ; but I must 
refer to the original memoir for ferther information.^ 

.* Biinburgh Tran»aetiM8tfo\. ix. p. 139. 
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PART IV 



M. Biot maintained that this remarkable property of quartz 
resided in its ultimate particles, and accompanied them in all 
their combinations. I have found, however, that it is not pos- 
sessed by opaly tabasheer, and other silicious bodies, and that 
it disappears in melted quartz* Mr. Herschel also found that 
it does not exist in a solution of silica in potash. 

Hitherto no connexion could be traced between 
the right and lefl-handed structure in quartz, and 
the crystalline form of the specimens which possess- 
ed, these properties. Mr. Herschel, however, dis- 
covered that the plagiedral quartz which contains 
unsymmetrical faces, xx x,Jig. 112., turns the plane* 
of polarization in the same direction in which tliese 
fiices lean round the summits A a: a:, axx. 

CirctUar Polarization in Fluids. 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain fluicS, in which it 
was discovered by M. Biot and Dr. Seebeck. Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
it in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentine, 
and place it in the apparatus. Jig. 94., so that polarized light 
transmitted through the oil may be reflected to the eye from 
the plate B, we shall observe the complementary colors and a 
distinct rotation of the plane of polarization from right to left. 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in the following table, 
which contains the result* of M. Biot's experiments. 

Crystals which turn the Planes from Right to Left 




At'- of Rotation 
for pveryKih 
of an inch in 
Thifkntraa. 



RrtatircThirk- 
otfHwa that 
prod'jcc the 
aame l-fre t. 



Rock crystal 

Oil of turpentine 

Solution of 1753 parts of artificial camphor \ 

in 17369 of alcohol j 

Essential oil of laurel. 
turpentine. 



180 25' 
16 

01 



1 
68^ 



Crystals u)hick turn the Planes from Left to Right. 





Arc of Rotation 
for every 25th 
of an inch in 
Thickneaa. 


Relative Thick- 
n:aaea that 
p oduee the 
aame Effect. 


Rock crystal - 


180 25' 
26 
33 


1 

38 
4^ 


Essentitd oil of lemons 

Concentrated syrup (from sugar) - • • - 
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In examining these phenomena, M. Fresnel discovered that 
in quartz they were produced by the interference Of two 
pencils formed by double refraction along the axis of the quartz. 
He succeeded in separating these two pencils, which differ 
both from common and polarized light They differ from 
polarized light, because when either of them is doubled by a 
doubly refracting crystal, the pencil or image never vanishes 
during the revolution of the crystal. They differ from com- 
mon light, because wlien they suffer two total reflexions from 
glass, at an angle of about 54°, the one will emerge polarized 
in a plane inclined 45° to the right, and the other in a plane 
45° to the left, of the plane of total reflexion. M. Fresaiel 
has also discovered the following properties of a circularly 
polarized ray : — When it is transmitted through a thin doubly 
refracting plate parallel to its axis, it is divided into two 
pencils with complementary colors ; and these colors will be 
an- exact quarter of a tint, or an order of colors, either higher 
or lower in Newton's scale, than the color which the same 
crystallized plate would have given by polarized light. M. 
Fresnel also proved that a circularly polarized ray, when 
transmitted along the axis of rock crystal, will not exhibit the 
complementary colors when analyzed. 

(129.) In the prosecution of this curious subject, M. Fresnel 
discovered the following method of producing a ray possessing 
all the above properties, and therefore exactly similar to one 
of the pencils produced by circular double refraction. Let 
ABC ^,fig- 113.» be a parallelopipfed of crown glass, whose 
index of refraction is 1*510, and whose angles A B C, A D C 
are each 54J°. If a common polarized ray, R r, is incident 
Fig. 113. perpendicularly upon A B, and emerges 

perpendicularly from C D, afler having 
suffered two total r^exions at E and F, at 
angles of 54J° ; and if these reflexions are. 
performed in a plane inclined 45° to the 
plane of polarization of the ray, the emer- 
gent ray F G will have all the properties 
of a circalarly polarized ray, resembling in 
every respect one of those produced by 
double refraction along the axis of rock 
crystal. But as this circularly polarized 
ray may be restored to a single plane of 
polarization, inclined 45° to the plane of reflexion, by two 
total reflexions at 54^°, it follows, and I have verified the re- 
sult by observation, that if the parallelopiped A B C D is 
sufficiently long, the pencil will emerge circularly polarized. 
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at 2, 6, 10, 14, 18 reflexions, and polarized in a single plane 
after 4; 8, 12, 16, 20 reflexions. 

M. Fresnel proved that the ray^ R r would emerge at G, 
Circularly polarized by three total reflexions at 69^ 12', and 
four total reflexions at 74° 42'. Hence, according to the pre- 
ceding reasoning, the ray will be circularly polarized by 9, 
15, 21, 27, dtc. reflexions at 69° 12', and restored to common 
polarizod light at 6, 12, 18, and 24 reflexions at the same 
angle ; and it will be circularly polarized by 12, 20, 28, 36, 
&c. reflexions at 74° 42', and be restored to common polar- 
ized light by 8, 16, 24, 32, &c. reflexions. 

I have found that circular polarization can be produced by 
^h 7^* 1^' ^' reflexions, or any other number which is a 
multiple of 2\ ; for though we cannot see the ray in the mid- 
dle of a reflexion, yet we can show it when it is restored to a 
single plane of polarization, at 5, 10, 15 reflexions* When 
we use homo^neous light, we find that the angle at which 
circular polarization is produced is diflferent for the diSerentiy 
colored rays; and hence these diferent rays cannot be restored 
to a single plane of polarization at the same angle of reflexion. 
Complementary colors will therefore be produced, such as I 
described long ago, and which, I believe, have not been -ob- 
served by any other person.t These colors are essentially 
different from those of common polarized light, and will be 
understood when we come to explain those of elliptical polar-^ 
ization. 



CHAP. XXVIL 

ON ELLIPTICAL POLARIZATION, AND ON THE ACTION OP 
METALS UPON LIGHT. 

On Elliptical Polarization. 

(130.) The action of metals upon liglit has always present- 
ed a troublesome anomaly to the philosopher? Malus at flrst 
announced that they produced no eflfect whatever; but he 
afterwards found that the diflTerence between transparent and 
metallic bodies consisted in this, — that the former reflect all 
the light which they polarize in one plane, and refract all the 
light which they polarize in an opposite plane ; while metallic 
bodies reflect what they polarize in both planes. Before 1 was 

* See Phil. Transactions, IPSO, p. 301. 
t See Phil. Transactions, Ia30, p. 30J. 325. 
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acquainted with any of the experiments of Mains, 1 had found'*' 
that light was modified by the action of metallic bodies ; and 
that, in all the metals which I tried, a great portion of light 
was polarized in tlie plane of incidence. In February, 1815, 
I discovered the curious properly possessed by stiver and gM 
and othec-metals, of dividing polarized rays into their comple- 
mentary colors by successive reflexions : but I was misled by 
some of the results into the belief, that a refie2don from a 
metallic surface had the same effect as a certain thickness of 
a crystallized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing 
the number of reflexions. M. Biot, in repeating my experi- 
ments, and in an elaborate investigation of the phenomena,-!- 
was misled by the same causes, and has given a lengthened 
detail of experiments, fbrmulse, and speculations, in which all 
the real phenomena are obscured and confounded. Although 
I had my full share in this rash, generalization, yet I never 
Viewed it as a correct expression of the phenomena^ and 1 
have repeatedly returned to the subject with the most anxious 
desire of surmounting its difficulties. In this attempt I have 
succeeded ; and I have been enabled to refer all the phenomena^ 
of the action of metals to a new species of polarization, which 
I have called elliptical polarization, and which unites -the two 
oksses of phenomena which constitute circular and rectilineal 
polarization. 

(131.) In the action of metals upon common light, it is easy 
to recognize the fitct announced by Mai us, that the light 
which they reflect is polarized in different plane& I have 
found that the pencil polarized in the plane of reflexion is 
always. more intense than that polarized in the perpendicular 
plane. The difference between these pencils is least in silver, 
and greatest in galena, and consequently the latter polarizes 
more light in the plane of reflexion than silver. The following 
taWe shows the effect which takes place with other metals :— 

Order in which the Metals polarize most lAghi in the Plane of 
Reflexion, 

Galena. Bteel. Copper. Fine gold. 

Lead. Zinc. Tin plate. Common silver. 

Grey cobalt. Speculum metal. Brass. Pure silver. 

Arsenical cobalt. Platinum. Grain tin. Total reflexion 

Iron pyrites. Bismuth. Jewellers' gold. from glass. 

Antimony. Mercury. 

♦ Th-eatise on JVw Philos. Instruments, p. 347. and Preface, 
t Traiti de Pkyaique, torn. iv. p. 570. eOO. 
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By iacreaang the number of reflexicm, the whole of the 
iacTdent light may be polarized in the plane of reflexion. 
Eight reflexions from plates of steel, between 60° and 80*=*, 
polarize the whole light of a wax candle ten feet distant Ah 
mcreased number of reflexions [above 361 is necessary to do 
this with pure silver; and in total reflexions from glass, 
where the circular polarization begins, and where the two 
pencils are equal, the efi^ct cannot be produced by any number 
of reflexions. 

In order to examine the action of metals upon polarized 
light, we must provide a pair of plates of each metal, flatly 
•ground and highly polished, and each at least 1^ inch long 
and half an inch broad. These parallel plates sfiould be fixed 
upon a goniometer, or other divided instrument, so that one 
of the plates can be made to approach to or recede from the 
other, and so that their surfiices can receive the ^jolarized ray 
at different angles of incidence. In place of giving the plates 
a motion of rotation round the polarized ray, I have found it 
better to give the plane cf polarizatioii of the ray a motion 
round the plates, so that the planes of reflexion and of polari- 
zation may be set at any required angle. The ray reflected 
from the plates one or more times is tlien analyzed, either by 
a plate of glass or a rhomb of Iceland spar. 

When the plane of reflexion from the plates is either j»flr- 
tUlel or perpendicular to the plane of primitive polarization^ 
the reflected light will receive no peculiar modification, ex- 
cepting what arises from their jMroperty of polarizing a portion 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexbns, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
explain. One of these, however, is a6 beautiful and striking, 
«a to arrest our immediate attention. When the plates are 
silver or gold, the most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changing with 
the angle of incidence and the number of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is 0° or 90°. All the other metals in the table, 
p. 191, give analogous colors ; but they are most brilliant in 
silver, and diminish in brilliancy from silver to galena. 

In order to investigate the cause of these phenomena, let 
OS suppose steel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
Incidence of 75° the light has sufiered some physical change, 
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which is a maximum at that angle. It is not polarized light, 
because it does not vanish during the revolution of the ana- 
lyzing plate. It -is neither parti5ly polarized light nor com- 
mon light; because, when we reflect it a second time at 75^ 
it is restored to light polarized in one plane. If we transmit 
the light reflected from steel at 75° along the axis of Iceland, 
spar, the system of rings shown in^^. ^. is changed into the' 
system shown in^^. 114, as if a thin film of a crystallized 
-FV- 114. body which polarizes the blue of the 

first order haid crossed the system. If 
we substitute for the calcareous spar 
films of sulphate of lime which give 
different tints, we shall find that these 
tints are increased in value by a quan- 
tity nearly equal to a quarter of a tint, 
according as the metallic action coin- 
cides wiSi ort)ppo6es that of the crys- 
tal. It was on the authority of this 
* experiment that I was led to believe 
tfiat metals acted like crystallized platea And when I found 
^at the. colors were better developed and more pure after 
isucces^ive reflexions, I rashly concluded, as M. Biot also did 
ailer me, that each successive reflexion corresponded to an - 
fulditional thickness of the film. In order to prove the error 
of this opinion, let us transmit the light reflected 2, 4, 6, 8 
times from steel at 75° along the axis of Iceland spar, and we 
isball find that the system of rings is perfect, and that the 
whole of the light is polarized in one plane ; a result absolutely 
incompatible with the suppositicm of the tints rising with the 
number of reflexions At 1, 3, 5, 7, 9, 11 reflexions, the ligh* 
when transmitted along the axis of Iceland spar will produce 
an eflTect equal to nearly a quarter of a tint, beyond which it 
never rises. 

I now conceived that light reflected 1, 3, 5, 7, 9 times from 
steel at 75° resembled circularly polarized light In curcularly 
polarized light produced by two total reflexions from glass, the 
ray originally polarized -f 45° to the plane of reflexion is,^ by 
the two reflexions at the same angle, restored to light polarized 
— 45° to the plane of reflexion ; whereas m steelj a ray polar- 
ized -f 45°, and reflected once from steel at 75°, is restored by 
another reflexion at 75° to light polarized — 17°. 

With difiTerent metals tiie same efiect is produced, but the 
inclination of the plane of polarization of the restored ray is 
different, as the following table shows : — 
R 
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PART 


Total BeArxioM. 


IncliMtiin 
ormtoNd 


Total BefltxIoM. 


InettiwU* 
cttttnon* 
B.y. 


Fmm glass - . - 
Pure silver - - . 
Common silver - - 
Fine gold - - - - 
Jewellers' gold - - 
Grain tin - - - - 

Brass 

Tin Plate - - - - 

Copper 

Mercury - - - - 
Platinum - - - - 


450 c 

3948 
36 
35 
33 
33 
32 
31 
29 
26 
22 


Bismuth • « - • 

Zinc 

Steel - - - - 
Iron pyrites • - • 
Antimony - - 
Arsenical cobalt 
Cnhalt .... 




21 
1910 
17 
14 
16 15 
13 
12 30 
11 
2 





'Galena - - - 
. Specular iron, • 



In total reflexions, or in circular polarization, the circularly 
polarized ray is restored to a single plane by the same numbei 
of reflexions and at the same angle at which it received cir 
cular polarization, whatever be the inclination ofrthe plane of 
the second pair of reflexions to the plane of the first pc^r ; but 
in metallic polarization, the angle at which the second re- 
flexion restores the ray to a single plane of polarization varies 
with the inclination of the plane of the second reflexion to the 
plane of the first reflexion. In the case of total reflexions^ 
this angle varies as the radii of a circle ; that is, it is always 
the same. In the case of metallic polarization, it varies as 
the radii of an ellipse. Thus, when the plane of the polarized 
ray is inclined 45° to the plane of primitive polarization, the 
ray reflected once at 75° will be restored to polarized light ^at 
an incidence of 75° ; but when the two planes are parallel to 
one another, the restoration takes place at 80° ; and when they 
are perpendicular, at 70° ; and at intermediate angles, at in- 
termediate inclinations. For these reasons, I have called this 
kind of polarization elliptic polarization. 

We have already seen that light polarized + 45° is ellipti- 
cally polarized by 1, 3, 5, 7 reflexions from steel at 75°, and 
restored to a single plane of polarization by 2, 4, 6, 8 reflexions 
at the same angle ; and we have stated that the ray restored 
by two reflexions has its plane of polarization brought into 
the state of — 17°. The following are the inclinations of this 
plane to the plane of reflexion, by diflerent numbers of re- 
flexions from steel and silver : — 



No. 
of Re- 
flexions. 


Inclination of the Plane 
of the polarized Ray. 


No. 
of Re- 
flexions. 


Inclination of the Plane 
of the polarized Ray. 


sua. 


Silver. 


SUBl. 


Silver. 


2 
4 
6 

8 


— 17°0' 
+ 522 
— 138 
+ 030 


— ^°15' 
+ 31 52 
—26 6 
+ 21 7 


10 
12 

18 
36 


— 0°9' 
+ 03 

— 
+ 00 


-16°56' 
+ 13 30 
— 6 42 
+ 47 
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These resalts explain in the clearest manner why common 
light is polarized by steel after eight reflexions, and by silver 
not till after thirty-six reflexions. Common light consists of 
two pencils, one polarized + 45S and the other — 45°; and 
steel brings tJiese pUines of polarization into the plane of re- 
flexion after eight reflexione^ while silver requires more than 
thirty-six reflexions to do this. 

(132.) The angles at which elliptical polarization is pro- 
duced by one reflexion may be considered as the maximum 
pdarizmg angles of the metal, and their tangents may be 
consider^ as the indices ot refraction of the different metals, 
as shown in the followmg table : — 



Grain tin - 
Mercuiy - 
Galena 
Inm pyrites 
Grey cobalt 
Speculum metal 
Antimony melted 
Steel - - - - 
Bismuth - - - 
Pure silver . - - 
Zinc - - - - 
Tin plate hammered 
Jewellers* gold - . - 



78 27 

78 10 

77 30 

76 56 

76 

75 25 

75 

74 50 

73 

72 30 

70 60 

70 45 



T9l5~ 
4-893 
4-773 
4-511 
4-309 
4-011 
3-844 
3-732 
3-S89 
3-271 
3-172 
2-879 
2-864 



Elliptical ]>olarization may be produced by a sufficient num- 
ber of reflexions at any given angle, either above or below 
tlie maximum polarizing angle, as shown in the following table 
for Steel: .'- 



Hnmber of KallcxioM at 


Nambrr of Beflcxio. itf 


of iDcidence. 




which tba Paoril ts r»- 




■toral to a adNite Ptane. 




3 9 15 &C. 


6 12 18 &c. 


860 0' 


24 7^ 12^ &c 


6 10 15 &c 


84 


2 6 10 Ac - 


4 8 12&C 


82 20 


lJ4i 7i&c. 


3 6 9&C. 


79 


1 3 5 4&C 


2 4 6 &c 


75 


IHi 74<S»^ 


3 6 9&C 


67 40 


2 6 10 &c 


4 8 12 &c. 


60 20 


• 2i n m &c 


5 10 15 &c. 


56 25 


3 9 15 &c. 


6 12 18 &c. 


52 20 



When the number of reflexions is an integer, it is easily 
understood how an elliptically polarized ray begins to retrace 
its course, and to recover its state of polarization in a single 
plane, by the same number of reflexions by which it lost it ; 
but it is interesting to observe, when the number of reflexions 
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id 1|, 2^, or any other mixed natnber, that tife tky must have 
acquired its elliptical polarization in the middle of the second 
and tliird reflexion ; that is, when it had reached its greatest 
depth within the metallic surface it then begins to resame its 
state of polarization in a single plane, and recovers it at the 
end of 3, 5, and 7, reflexions. A very remarkable effect takes 
place when one reflexion is made on one side of the maxi- 
mum polarizing angle, and one on the other side. A ray that 
has received partial elliptical polarization by one reflexion at 
85*^ does not acquire more elliptic polarization by a reflexion 
at 54°, but it retraces its course and recovers its state of single 
polarization. 

By a method which it would be out of place to explain 
here, I have determined the number of points of restoration 
which can occur at diflferent angles of incidence from 0° to 
90°, for any number of reflexions ; aftd I have represented 
them in Jig, 115., where the arches I, I., II, II., &c. represent 
the quadrant of incidence, for one, ttoOy &c. reflexions; C 

Fig. 115. 




I II in IV V Vi 



being the point of 0°, and B that of 90° of incidence. In the 
quadrant, I, I. there is no point of restoration. In II, 11. there 
is only one point or node of restoration, viz. at 73° in silver. 
In III, III. there are two points of restoration, because a ray 
elliptical ly polarized by one and a half reflexion will be re- 
stored by three reflexions at 63° 43' beneath the maximum 
polarizing angle, and at 79° 40' above that angle. It may also 
be shown that for IV. reflexions tliere are 3 points of restora- 
tion, for V. reflexions 4 points ; and for VI. reflexions 5 points, 
as shown in the figure. The loops or double curves^are drawn 
to represent the mtensity of the elliptic polarization which 
has its minimum at 1, 2, 3, &c., and its maximum in the middle 
of the unshaded parts. If Ive now use homogenequs light, 
we shall find that the loops have different sizes in the different 
colored rays, and that their minima ana maxima are diflfe'^nt 
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Hence, in tiie Vlth quadrivnt, C B for example, there will be 
6 loops of all the different odors, viz. CI; 1, 2 ; 2, 3 ; 3, 4, 
&c. ; overlapping one another, and producing by their mixture 
those beautiful complementary colors which have already been 
mentioned. For a more full account of this curious branch 
of the subject of {3olarization, I must refer the reacfer ta the 
PhUos^hUsal ' Transactions^ 1830 ; or to the Edinburgh 
Journal of Science^ Nos. VII. and VIII! new series, April, 1831. 



CHAP. xxvm. 

ON THE POLARIZING STRUCTURE PRODUCED BT HEAT, COLD, 
COMPRESSION, DILATATION, AND INDURATION. 

The various phenomena of double refraction, and the sys- 
tems of polarized rings with one and two axes of double re- 
fraction, and with planes of no doubleirefraction, may be pro- 
duced either transiently or permanently^ in glass and other 
substances, by heat and co^ii, rapid cooling, compression and 
dilatation^ and induration, 

1. Transient Influence of Heat and Cold. 

(1.) Cylinders of glass with one positive axis of -double 
refraction, 

(133.) If we take a cylinder of glass, from half an inch to 
BD inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
its centre, it will exhibit when exposed to polarized light, in 
the apparatus. Jig, 94., a system of rings with a black cross, 
exactly similar to those in fig 98. ; and the complementary 
system shown in fig, 99. will appear by turning round the 
{Uate B 90^. In this case we must hold the cylinder at the 
distance of 8 or 10 inches from the eye, when the rings will 
appear as it were in the inside of the glass. If we cover up 
any portion of the sur&ce of the glass cylinder, we shall hide 
a corresponding portion of the rings, so that the cylinder has 
its single axis of double refraction fixed in the axis of its 
figure, and not in every possible direction parallel to that axifi 
as in crystals. 

By crossing the rings with a plate of sulphate of lime, aa 
formerly explained, we shall find that it depresses the tints in 
the two quadrants which the axis of the plate crosses ; and 
R3 
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consequently that the system of rings is negative, like that of 
calcareous spar. 

As soon as the heat reaches the axis of the cylinder, the 
rings begin to lose their brightness, and when the heat is 
uniformly diffused through the glass, they disappear entirely. 

(2.) Cylinders of glass with a negative axis of double 
refraction. 

(134.) If a similar cylinder of glass is heated uniformly in 
boiling oil, or otherwise brought to a considerably high tem- 
*J)erature, and is made to cool rapidly by surrounding its cir- 
cumference with a good conductor, it will exhibit a similar 
system of rings, which will all vanish when the glass is uni- 
formly cold. By crossing these rings with sulphate of lime, 
they will be found to be positive,, like those of ice and zircon ; 
or the same thing may be proved by combining this system of 
rings with the preceding system, when they will be found to 
destroy one another. 

In both these systems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis- 
tance of that point from the axis. By placing thin films of 
sulphate of lime between two of these systems of rings, very 
beautiful systems may be produced. 

(3.) Oval plates of glass with two axes of double refraction, 
(135.) If we take an oval plate A B D C, fg. 116., and 
Fia^ 116 perfoftn with it the two preceding experi- 
ments, we shall find that it has in both cases 
two axes of double refraction, the principal 
axis passing through O, being negative when 
* it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
A B, C D, correspond to the black ones in 
Jig. 101., and the distance mn to the inclina- 
tion of the resultant axes. The effect shown in fg. 116. is 
that which is produced by inclining mn 45° to the plane of 
primitive polarization ; but when m n is in the plane of prim- 
itive polarization, or perpendicular to it, the curves A B, C D, 
will term a black cross, as inj^^. 100. 

In all the preceding experiments, the heat and cold might 
have been introduced and conveyed through the glass from 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
« the axes that were formerly negative will rtow be positive^ 
ahd tfice versd. 




I 
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(4.) Cubes of glass untk double refraction. 

(136.) When the shape of the glass is that of a cube, the 
rings have the form shown in^^. 117. and when it is a paral- 
lelopiped with its length about three times its breadth, the 
' ng. 117. Fig- ii8. 





rings have the form shpwn in^^. 118. the curves of eqaal tint 
near the angles being circles, as shown in both the figures. • 

(5.) Rectangular plates of glass unth planes of no double 
refraction, 

(137.) Ifa well annealed rectangular plate of glass, EFDC, 
is placed with its lower edge C D on a piece of iron A B D C 
fig. 119., nearly red hot, aixi the two together are placed in the 

Fig. 11 D. 




apparatus, fg. 94, so that C D may be inclined 45° to the 
jrfane of primitive polarization, and that polarized light may 
reach the eye at O from every part of the glass, we shall ob- 
serve the following phenomena. The instant that the heat 
enters the surface C D, fringes of brilliant colors will be seen 
parallel to C D, and almost at the same time before the heat 
has reached -the upper surface E F, or even the central line 
a b, similar fringes will appfear at E F. Colors at first faint 
blue, and then white, peliow, orange, &c., all spring up at 
a b ; and these central colors will be divided from those at the 
edges by two dark lines, M N, O P, in which there is nefther 
double refraction nor polarization. These lines correspond 
with the black curves in^^. 101. and/^. 116., and the strfic- 
ture between M N and O P is negative, like that of cal- 
careous spar ; while the structures without M N and O P are 
positive, like those of zinxm. The tints thus developed are 
those of Newton's scale, and are compounded of the different 
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Fig. lao. 



sets of tiuts that would be given in each of the homogeneous 
rays of the spectrum. 

In these plates there is obviously an Infinite number of axes 
in the planes passing through M N, O P, and all the tints, as 
well as the double refraction, can be calculated by the very 
same~laws as in regular crystals, mutatis rmUandis, 

If the plate E F D C is heated equally all round, the fringes 
4re produced wiUl more regularity and quickness ; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it will develope the same fringes, but the central ones 
it a 6 will in this last case be positive, and the outer ones at 
£ F and C D negative. 

Similar efiects to those above described may be produced in 
similar plates of rock salt, obsidian, fluor spar, copal, and other 
solids that have not the doubly reflecting structure. 

A series of splendid phenomena are produced by crossing simi- 
lar or dissimilar plates of glass when their fringes are developed. 
When similar plates of glass, or those in which the fringes are 
produced by heat, as in^. lid., are crossed, the curves or lines 
of equal tint at the square of intersection, A B C D, fig, 120., 
will be hyperbolas. The tint at the 
centre wiU be the difierence of the 
central tints of each of the two plates, 
and the tints of the succeeding hy- 
perbolas will rise gradually in the 
k jp..,^>H.yJ^[^^ ^^, jfi scale above that central tint If the 
1 l^ r jf fji " '"^1 ^^^ produced by each plate are 
JpwB^^^iiiiiiiiiiiLiiij^ precisely the same, and the plates of 

the same shape, the central tints will 

destroy each other, the hyperbdas 
will be equilateral ones, and the tints 
will gradually rise from the zero of 
Ne\vton's scale. 
When dissimilar plates are crossed, as in fig. 121., viz. one 
in which the fringes ace produced by heat with one in which 
they are produced by cold, the lines of equal tint in the square 
of intersection A fi C D {Jig. 121.), will be ellipses. The tints 
in the centre will be equal to the sum of the separate tints, 
and the tints formed by the combinatk)n of the external fi'inges 
will be equal to their di^renca If the plates and their tints 
are perfectly equal, the lines of equal tint will be circles. The 
beauty of these combinations can be understood only from col- 
ored drawings. When the' plates are combined lengthwise, 
they add to or subtract from each other's efiect, according as 
similar or dissimilar fringes are opposed to one another. 
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(6.) Spheres of glass, d'c. toith an infinite number of axes 
of double refraction. 

(138.) If we place a sphere of glass in a glass trough of hoi 
oil, and observe the system of rings, whUe tne heat is passing 
to the centre of the sphere, we Siall find it to be a regular, 
system, exactly like that in ^^. 96. ; and it will suffer no 
change by turning the sphere m any direction. Hence the 
sphere has an infinite number of positive axes of double re* 
fraction, or one along each of its diametera 

If a very hot sphere of glass is placed in a glass trough of 
cdd oil, a similar system will be produced, but the axes will 
all be negative. 

(7.) Spheroids of glass with one axis of double refraction 
along the axis of revolution and two axes along the equt^ 
torial diameters. 

(139.) If we place an oblate spheroid in a glass trough of 
hot oil, we shall find that it has one axis of positive double 
refraction along its shorter axis, or that of revolution ; but if 
we transmit the polarized light along any of its equatorial 
diameters, we shall find that it has two axes of double refrac- 
tion, the black curves appearing as in fig. 116. when the axis 
of revolution is inclined 45^ to the plane of primitive polar! 
zation, and changing into a cross when the axis is parallel or 
perpendicular to the plane of primitive polarization. 

The very same phenomena will be exhibited with a prolate 
spheroid, only the black cross opens in a difierent plane when 
the two axes are developed. 

Opposite systems of rings will be developed in both these 
cases, if hot >spheroids are plunged in cold oil. 
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The reason of using oil is to enable the polarized light to 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive' power as near as possible to that 
of the glass. - 

A number of very curious phenomena arise from heating 
and cooling glass tubes, or cylinders, along their axes ; the 
most singular variations taking place according as the heat 
and cold are applied to the circumference, or to the axis, or to 
both. 

► (8.) Influence of heat on regular crystals. 

(140.) The influence of uniform heat and cold on r^feular 
crystals is vei^ remarkable. M. Fresnel found that heat duates 
sulphate of lime less in the direction of its principal axis 
than in a direction perpendicular to it ; and professor Mitecher- 
lich has found that Iceland spar is dilated by heat in the di- 
rection of its axis of double refraction, while in all directions 
at right angles to this axis it contracts ; so that there must be 
some intermediate direction in which there is neither contrac- 
tion nor dilatation. Heat brings the rhomb of Iceland spar 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate of lime, professor Mitscherlicb 
found that the two resultant axes (P, P, fig. 106.) gradually 
approach as the heat increases, till they unite at O, and form 
a single axis. By a still fiirther increase of heat they open 
out on each side towards A and R A very curious fact of an 
analogous kind I have found in glauberite, which has one axis 
of double refraction for violet, and two tixes for red light 
With a heat below that of boiling water, the two resultant 
axes (P, P, fig. 106.) unite at O, and, by a slight increase of 
heat, the resultant axes again open out, one in the direction 
O A, and the other in the direction O B. By applying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A B. 

2. On the permanent Influence of sudden Cooling. 

(141.) In March, 1814, 1 found that glass melted and sud- 
denly cooled, such as prince Rupert's drops, possessed a per- 
manent doubly refracting structure ;* and in December, 1814^ 
Dr. Seebeck published an account of analogous . experiments 
with cubes of glass. Cylinders, plates, cubes, spheres, and 
spheroids of glass, with a permanent doubly jefracting struo- 

* Letter to Sir Joseph Banks, April S. 1814. Phil. Trans. 1814. 



CIIAP. XXVIII. POLABISATIOir BY SODDBN COOLING. 208 

ture, may be fbrmed by bringing the glass to a red heat, and 
cooling it rapidly at its circinmerence, or at its edges. As 
these solid bodies often lose their shape in the process, the 
symmetry of their structure is affected, and the i^stem of 
rmgs or fringes injured ; so that the phenomena are not pro- 
duced so perfectly as during the transient influence of heat 
and cold. It is often necessary, too, to grind and polish the 
surfaces afresh: an operation during which the solids are 
often broken, in consequence of the state of constraint in 
which the particles are held. 

An endless variety of the most beautiful optical figures 
may be produced by cooling the glass upon metallic patterns 
(metals being the be^ conductors) applied symmetrically to 
each surface of the glass, or symmetrically round its circum- 
ference. The heat may be thus drawn off from the glass in 
lines of any form or direction, so as to give any variety what- 
ever to its structure, and, consequently, to the optical figure 
which it produces when exposed to polarized light. 

(142.) In all doubly refracting crystals the form of the 
rings is independent of the external shape of the crystal ; 
but in glass solids that have received the doubly refracting 
structure, either transiently or permanently, from heat,^ the 
rings depend entirely on the external shape of the solid. IfJ 
in Jig. 119., we divide the rectangular plate E F D C into two 
equal parts through the line a 6, each half of the plate will 
have the same structure as the whole, viz. a negative and two 
positive structures, separated by two dark neutral lines. In 
like manner, if we cut a piece of a tube of glass, by a notch, 
through its circumference to its centre, or if we alter the 
shape of cylindrical plates and spheres, &c., by grinding them 
into different external figures, we produce a complete change 
upon the optical figures which they had previously exhibitei 

3. On the Influence of Compression and DUatation. 

(143.) If we could compress and dilate the Various solids 
above mentioned with the same uniformity with which we can 
heat and cool them, we should produce the same doubly re- 
fracting structures which have been described, compression 
and dilatation always producing opposite structurea 

The influence of compression and dilatation may be well 
exhibited by taking a strip of glass, A B D C, Jig, 122., and 
bending it by the force of the h^d& When it is held in the 
apparatus, J{^. d4., with its edge A B inclined 45° to the plane 
of primitive polarization, the whole thickness of the glass will 
be covered with colored fringes, consisting of a negative set 
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-separated from a positive set by the dark neatral line M N. 
The fringes on the convex side A B are negative^ and thoee 

Fig. 122. 




on the concave side positive. As the bending force increases, 
the tints increase in number ; and as it diminishes, they di- 
minish in. number, disappearing entirely when the plate of 
glass recovers its shape. The tints, which are those of New- 
ton^s scale, vary with their dfetances from M N ; and when 
two such plates as that shown in Jig. 122. cross each other, 
they produce in the square of intejpection rectilineal fringes 
parallel to the diagonal of the square which joins the angles 
where the two concave and the two convex sides of the plates 
meet 

When a plate of bent glass is made to cross a plate crys- 
tallized by heat, and suddenly cooled, the fringes in the square 
of intersection are parabolas, whose vertex will be towards 
the convex side of the bent plate, if the principal axis of the 
other plate is positive, but towards the concave side, if that 
axis is negative. 

The effects of compression and dilatation may be most dis- 
tinctly seen by pressing or dilating plates or cylinders of 
calves'-feet jell^ or soft isinglass. 

By the application of compressing and dilating forces, I 
have been able to alter the doubly refracting structure of 
regularly crystallized bodies in every direction, increasing or 
diminishing their tints according to tiie direction in which the 
forces were applied.* 

The most remarkable influence of pressure, however, is 
that which it produces on a mixture of resin and white wax. 
In all the cases hitlierto mentioned of the artificial production 
of double refraction, the phenomena are related to the shape 
of ihe mass in which the change is induced : but I have been 
able to communicate to the compound above mentioned a 
double refraction, similar to that which exists in the particles 
of crystals. The compressed mass has a single axis of double 
refraction in every parallel direction, and the colored rings 
are produced by the inclination of the refracted ray to the 
axis according to the same law as in regular crystals. If wf 

* • ' — — — — : — r 

• See EdinbHrg^h Transactions, vol. viii. p. 381. 



remove the compressed film, any portion of it will be found to 
have one axis of double refraction like portions of a film of 
any crystal with one axis. The important deductions which 
this experiment authorizes will be notieed at the eoneluaion 
of this part of the work. 

4. On the Influence of Induration, 

(144.) In 1814 1 had occasion to make some experiments on 
the influence of induration in communicating double refraction 
to .soil solids. When isinglass is dried in a glass trough of a 
circular form, it exhibits a system of tints wiSi the black cross 
exactly like negative crystals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a system of rings with one positive axis. If the 
trough in the first of these experiments and the plate in the 
second are oval, two axes of double refinaction will be ex- 
hibited. ' 

When jelly placed in rectangular troughs of glass is grad- 
ually indurated, we have a positive and a negative structure 
devel9ped, and these are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to allow the 
induration to go on at two parallel surfaces, the same fringes 
are produced as in a rectangular plate of glass heated in oil, 
and subsequently cooled. 

Spheres and spheroids of jelly may be made by proper in- 
duration to produce the same efiects as inheres and spheroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one ; 
and in many there are three structures, a negative between 
two positive, and a positive between two negative structurea 
In some instances we have two structures of the same name> 
together. By the process of induration we may remove en- 
tirely the natural structure of the lens, especially when it is 
spherical or spheroidal, and superinduce the structure arising 
firom induration. I have now before me a spheroidal lens of 
the boneto fish, with one beautiful system of rings along the 
lais <^the spheroid, and two ^stems along the equatorial 
diamet»». I have also several indurated lenses of the ood, 
that disj^y in the finest manner their drmbly r^actingr 
structure. 

S 
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CHAP. XXIX, 

VHraK>MENA OF COMPOSITE OR TE881SLATKD CRYfiTALS. 

(145.) In all regularly formed doubly refracting cj^stals, the 
separation of the two images, the size of the rings, and the 
value of the tints, are exactly the same in all parallel direc- 
tions. If two crystals, however, have grown together with 
their axes inclined to one another, and ff we cut a plate out 
of these united crystals so that the eye cannot distinguish it 
from a plate cut out of a sing:le crystal, the exposure of such a 
crystal to polarized light will instantly detect its composite 
nature, and will exhibit to the eye the very line of junction. 
This will be obvious upon considering that the polarized ray 
has difierent inclinations to the axis of each crystal, and will 
therefore produce difierent tints at these different inclinations. 
Hence the examination of a body in polarized light furnishes 
us with a new method of discovering structures which can-' 
not be detected by the microscope^ or any other method of 
observation. 

A very fine example of this is exhibited in the bipyramidal 
sulphate of potash, which Count Bournon and other crystal- 
lographers regarded as one simple crystal, whose primitive 
form was the bipyramidal dodecahedron, like the crystal shown 
in^^. 112. But by cutting a plate perpendicular to the axis 
^ the pyramid, and exposing it to polarized light, I found it 
to be composed of several crystals, all united so as to form the 
regular figure above represented. The crystal has two axes 
of double refraction, and the plane passing through the two 
axes of one, is inclined 60° to the plane passing through the 
two axes of each of the other twa So that when we mcline 
the plate, each of the three combined crystals displays different 
colors. I have /ound many remarkable structures of this kind 
in the mineral kingdom, and among artificial salts ; but two 
of these are so interesting as to merit particular notice. 

(146.) The apophyllite from Faroe generally crystallizes in 
right-angled square prisms, and splits with great &cility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp Enife the uppermost slice, or the vn- 
dermost, it will be found to have one axis of double refraction, 
and^o give the single system of rings shown in fig, 96. If 
<ve remove other slices in the same manner, we shall find 
piat when exposed to polarized light they exhibit the curious 
tesselated structure shown in fig. 123. The outer case, 
M O N P, consists of a number of parallel veins or plates. In 



fig. 123. 




Fig. 124. 
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the centre is a small lozenge, abed, with one axis of doable 
refraction, and round it are four 
crystals. A, B, C, D, with two axea 
of double refraction, the plane pas»- 
in^ through the axes of A and D 
being perpendicular to the plane 
passing through the axes of B and 
C; and the former plane being in 
the direction M N, and the latter in 
the direction O P. 

When the polarized light is trans- 
' mitted through the faces of certain 
prisms, the beautiful tesselated figure shown in Ji^. 124 is ex- 
hibited, all the diflferently shaded parts shining with the most 
splendid colors. As the prism has every- 
where the same thickness, it is obvious that 
the doubly refracting force varies in different 
parts of the crystal ; but this variation takes 
place in such a symmetrical manner in rela- 
tion to the sides and ends of the prism, as to 
set at defiance all the j^. 125. 

recognized laws of 
crystallography. 

With the view of 
observing the form of 
the lines of equal co- 
lor, I immersed the 
crystal in oil, and 
transmitted the polar- 
ized light in Ji direc- 
tion parallel to a di- 
agonal of the prism; 
the efiect then exhib- 
ited is shown in^^^. 
125., where ABCTD 
is the crystal ; A C, 
and B D, its edges, 
wliere the thickness is nothing, and 
m n the edge through which the di- 
agonal of the prism passes. Now, it 
is obvious, that if this had been a regu- 
lar crystal, the lines of equal tint or of 
equal double refraction would have 
been all straight lines parallel to AC C" 
or B D ; but in the apophyllite they present the most singular 
irregularities, all of which are, however, symmetrically re- 
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kited to certain fixed points within tbe crystal In the middle 
of the crystal, half way between m and w, there are only^ve 
fringes or orders of colorsr; at points equi-distant from this 
there are six fringes, the sixth returning into itself in the 
form of an oveU. At other two equidistant points near m and 
n, the 3d, 4th, and 5th fringes are singularly serrated, and the 
6th and 7th fringes return into themselves in the form of a 
square ; beyond this, near m and n, there are only four fringes, 
in consequence of the fifth returning into itself. 

(147.) A composite structure of a very difierent kind, but 
extremely interesting from the effects which it produces, is 
exhibited in many crystals of Iceland spar, which are inter- 
sected by parallel films or veins of various thicknesses, as 
shown in fig. 126. These thin veins or strata are perpendic* 
ular to the diort diagonals E F, G H of the 
faces of the rhomb, and parallel to the edges 
E G, F H. When we look perpendicularly 
>jW through the laces A £ B F, DG C H, the 
light will not pass through any of the planes 
e6c^, ABCD, afhd, and conseqiiently 
we shall only see two images of any object 
^H just as if the planes were not there. But if 
we look through any of the other two pair 
of parallel faces, we shall observe the two 
common images at their usual distance ; and at a much greater 
distance, two secondary images, one on each side of the com- 
mon images. In some cases there turefour, and in other cases 
six, secondary images, arranged in two Imes ; one line being 
on each side of the common images, and perpendicular to the 
line joining their centres. When the interrupting planes are 
numerous, and especially when they are also found perpen- 
dicular to the short diagonals of the other two faces of the 
rhomb that meet at B, the obtuse summit, the secondary 
images are extremely numerous, and sometimes arranged in 
pyramidal heaps of singular beauty, vanishing, and reappear- 
ing, and changing their color and the intensity of their light, 
bv every inclination of the plate. If the light of the luminous 
object is polarized, the phenomena admit of still greater va- 
riations. When the strata or veins are thick, the images are 
not colored, but have merely at their edges the colors of re- 
fracted light 

Malus considered these phenomena as produced by fissures 
or cracks within the crystal, and he regarded the colors as 
those of thin plates of air or space ; but I ha^e found that they 
are produced by veins or twin crystals firmly united together 
so as to resist separation more powerfully than the natural 
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cleaTUge planes, and I Iwive found this l^Jcgj|Sf|^aphically, 
'bpr99ammfiitlimm0^m^ opticaUv, by ob- 

serving the system of rings see^lthpoueh the veins alone. 

This composite structure will be understood from fiff. 127., 
where A B I) C is the prmcipal section of a rhomb of Iceland 



Fig. 127. 




spar whose axis is A D. The form and position of one of the 
intersecting veins or rhomboidal plates, is shown at M tti N n, 
but greatly thicker than it actually is; the angles Am M, and 
D n N, being 141° 44'. A ray of common liffht R 6, incident 
on the face A C at 6, will be refracted in the lines be, bd. 
These rays entering the vein M m N n, at c and rf, will be 
again refracted doubly ; but as the vein is so thin as to produce 
the complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c c, 3/J 
these colors will depend on the thickness of the vein M N, 
and on the inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from tlie vein at e,J\ and 
will be refracted again as in the figure into the pencils e wi, 
en,fo,fp; the colors of en, fo, being complementary to 
thoseof cm,y];>. That the multiplication and color of the 
images are owing to the causes now explained may be proved 
ocularly, as I have done, by dividing rhombs of calcareous 
spar, and inserting between them, or in grooves cut in a single 
plate of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
crystal may be reproduced in the artificial one, and we may 
give great variety to the phenomena by inserting thin films in 
difierent azimuths round the polarized pencils b e,bd, and at 
different inclinations to the axis of douole refi-action. 

The compound crystal shown in fig. 127. is in reality a 
natural polarizing apparatus. The rart of the rhomb A m N C, 
polarizes the incident light R b. The vem M N is the thin 
crystallized vein whose colors are to be examined ; and the 
part B M n D, is the analyzing rhonlb* 

Various other minerals and artificial crystals are intersected 
82 
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with anS^Stt^iri, points wkhin the cryfirtaL In the middle 
There are aeveraTcSlniUi gween ^jujdjiJhfaWi. ftrjvmbyfefe 
pecuharities of structur5**all3~display curious optical phe- 
nomena by polarized lifi^ht The Brazilian topaz is one of 
(hose which is worthy of notice, and whose properties I hav« 
explained by colored drawings, in the second volume of the 
Cambridffe Transactions, 

For a Aill account of the properties of composite crystals, 
and of the multiplication of images by the crystals of cal- 
careous spar that are intersected by veins, we refer the reader 
to the Edinburgh Transactions^ vol. ix. p. 317., and the Phil. 
Trans., 1815, p. 270. ; or to the Edinburgh Encyclopedia^ 
art Optics. 



CHAP. XXX 

ON THB DICHROISM, OR DOUBLE COLOR, OF BODIES; AXD 
THE ABSORPTION OF POLARIZED LIGHT. 

(148.) If a crystallized body has a different color in different 
directions when common light is transmitted through its 
substance, it is said to possess dichroism, which signifies two 
colors. Dr. Wollaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a.' deep 
red color along the axis, and of a vivid green in a transverse 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Haijy gave the name of 
dichroite. Mr. Herschel has observed a similar fact in a 
variety of sub-oxysvlphate of iron, which is of a deep blood 
red color aJong the axis, and of a li^ht green color perpen- 
dicular to the axis. In examining this class of phenomena, I 
have found that they depend on the absorption of light, being 
regulated by the inclination of the incident ray to the axis of 
double refraction, and on a difference of color in the two 
pencils formed by double refraction. 

In a rhomb of yellow Iceland spar, the extraordinary image 
was of an orange yellow color, while the ordinary image was 
yellowish white along the axis. The color and intensity of 
the two pencils were the same, and the difference of color and 
intensity increased with the inclination to the axis. When 
the two images overlapped each other, their combined color 
was the same at all an^es with the axis, and this color was 
that of the mineral. If we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
ordinary image vanishes, and yellowish white in the positioa 
where the extraordinary image yaiushea. The crystalB in the 



names : — «*««» w ow 



Coioi-* // ^f two Images in Crystali toUh one Axib. 



Kunes «r Crr^taJa. - 



Zircon. 

Sapphire^ 

Ruby. 

Emeraid. 

Emerald. 

Beryl, Wue. 

Beryl, green. 

Beryl, yellowish ) 

green. S 

Rock crystal, near- ) 

ly transparent, y 
Rock crystal, yellow 
Amethyst 
Amethyst. 
Amethyst. 
Tourmaline. . 
Rubellite. 
Idocrase. 
Mellite. 
Apatite lilac 
Apatite olive. 
Phosphate of lead 
Iceland spar. 
Octohednte. 



Brownish white. 
Yellowish green. 
Pale yellow. 
Yellowish green. 
Bluish gUBen. 
Bluish white. 
Whitish. 

Pale yellow. 

Whitish. 

Yellowish white. 
Blue. 

Greyish white. 
Reddish yellow. 
Greenish white. 
Reddish white. 
Yellow. 
Yellow. 
Bluish. - 
Bluish green. 
Bright green. 
Orange yellow. 
Whitish brown. 



^riartpal BectloQ. puyemlie'ilu- 



Deeper brown. 

Blue. 

Bright pink. 

Bluish ereen. 

Yellowish green. 

Blue. 

Blui^ green. 

Pale green* 

Faint brown. 

Yeltow. 
Pink. 
Ruby red. 
Bluish green. ^ 
Bluish green. 
Faint rra. 
Green. 
Bluish white. 
Reddish. 
Yellowish green. 
Orange yelkw. 
Yellowish white. 
Yellowish brown. 



(149.) When the crystals have two axes of double refrac- 
tion, the absorption of the incident rays produces a variety of 
phenomena, at and near the two resultaiit axes. These phe- 
nomena are finely displayed in itdite. This mineral, which 
crystallizes in six and twelve-sided prisms, is of a deep blue 
color when seen along the axis, and of a brovmish yellow 
when seen in a direction perpendicular to the axis of the 
prism. When we look ^long the resultant axes which are 
inclined &^ 50' to one another, we see a system of rings 
which are pretty distinct when the plate is thin ; but when it 
is thick, and when the plane passing through the axes is in 
the plane of primitive polarization, branches of blue and white 
li^ht are seen to diverge in the form of a ciDss from the centre 
of the system of rings. This curious e£^t is shown in fig, 
lSi8., where P, P', are the centres of the two systems of rings, 
O the principal negative axis of the crystal, and C D the plane 
passing throudi the axes. The blue branches, which are 
shaded in the figure^ are tipped with purple at their summits 
Pi P', aai %i9 flsg^flnited bjr wUtiih l^t in Kxne dpeoimCDs^ 
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and by bluish light in others. From P 
and P' to O, the white or yellowish li^ht 
becomes more and more blue, and at'O 
it is quite blue ; while from P and P' to 
C and D it becomes more and more 
yellow, and at C and D it is quite yel- 
low, the yellow being almost equally 
bright in the plane A C B D, perpendio* 
ular to the principal axis O. When the 
js plane C D is perpendicular to the plans 

of primitive polarization, the (Joles P, P' are marked with 
patches of white or yellowish light, but everywhere else the 
tight is a deep blue. 

When examined by common light, we find that the ordinary 
image is broionish yellow at C and D, and the extraordinary 
one faint blue; the former acquiring some blue rays, and the 
latter some yellow ones from C to D, and from A to B where 
there is still a great difference in the color of the images. 
The yellow image becomes fainter from A to P and P', and 
from B to P and P', where it changes into blue^ the feeble 
blue image being gradually reinforced by other blue rays till 
the intensity of the two blue images is nearly equal. The 
faint blue image increases in intensity from C to P, and fit)m 
D to P', and the yellow one acquires an accession of blue light, 
and becomes bluish white from P and P' to O; the ordinary 
image is whitish, and the other a deep blue ; but the white- 
ness ffradually diminishes towards O, where the two images 
are almost equally blue. The following table will show that 
this property exists in many other crystals : — 

Colors of ike two Images in CrysldU with two Axes. 



Kamea of CxyXuSa. 



Topaz blue. 

green. • 

greenish blue 

pink. 

pink yellow. 

- yellow. 
Sulphate of baryta. 
— — vellowisn > 

purple. ) 

yellow. 



orange yellow 

Cyanite. 
Dichroite. 
Cymophane. 
Epidote olive green. 

whitish green 

Mica. 



White. 

While. 

Reddish grey. 

Pink. 

Pink. 

Yellowish white. 

Lemon yellow. 

Lemon yellow. 
Gamboge yellow. 
White. 
Blue. 

Yellowish white. 
Brown. 
Pink white. 
Reddish brown. 



Blue. 

Green. 

Blue. 

White. 

Yellow. 

Orange. 

Purple. 

Yellowish white. 
Yellowish white. 
Blue. 

Yellowish white. 
Yellowish. 
Sap green. 
Yellowish white. 
Reddish white. 
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The following table shows the color of the images in crys- 
tals with two axes which have not been examined. 



Kamca of CrytUto. 



F^le greenish yellow. 

Greenish yellow. 

Blue. 

Greenish yellow. 

Bluish. 

Blue. 

Blood red. 

Yellowish white. 

Bright green. 

Pale yellow. 

Yellowish white. 

White. 

Deeper yellow. 

Bluish white. 

Brick red. 

Brownish white. 



Mica. 

Acetate of copper. 
Muriate of copper.* 
Olivine. 
Sphene. 

Nitrate of copper. 
Chroraate of lead. 
Staurotidc. 
Augite. 
Ann3rdrite. 
Axinite. 
Diallage. 
Sulphur. 

Sulphate of strontia. 
cobalt 



Olivine. 



Blood red. 
Blue. 

Greenish white. 
Bluish green. 
Yellow. 
Bluish white. 
Orange. 
Brownish red. 
Blood red. 
Bright pink. 
Reddish white. 
Brownish white. 
Yellow. 
Blue. 
Pink. 
Brown. 



In the last nine crystals in the preceding table, the tints are 
not given in relation to an^ fixed line. 

The following list contains the colors of the two pencils, in 
erystalsk whose number of axes is not yet known. 

Phosphate of iron. Fine bluet 

Actynulite. Green. 

Precious opoL Yellow. 

Serpentine. Dark green. 

Asbestos. Greenish. 



Blue carbonate of > 
copper. > 

Octonedrite (one axis.) 

Chloride of gold and ) 
sodium. ) 

and I 



ammonium. 



potassium. 



and i 



Violet blue. 
Whitish brown. 
Lemon yellow. 1 ^ . 

Lemon yellow. >^| 

Lemon yellow. J 5* 



Bluish white. 
Greenish white. 
Lighter yellow. 
Lighter green. 
Yellowiui. 

Greenish blue. - 

Yellowish brown. 

Deep orange.^ || 

Deep orange. > t| f 

Deep orange, j |5 



(150.) By the application of heat to certain crystals, I have 
been able to produce a permanent difference in the color of 
the two pencils formed by double refraction- This experiment 
may be made most easily on Brazilian topaz. In one of these 
topazes, in which one of the pencils was yeUow and the other 
pink^ I found that a red heat acted more powerfully upon the 
extraordinary than upon the ordinary pencil, discharging the 
yellow color entirely from the one, and producing only a Sight 

* The colors are given in relation to the short diagonal of its rtiomboidal 
base. 
t When the axis of the prism is in the plane of polarization. 
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change upon the pink tint of the other. When the topaz was 
hot, it was perfectly colorless, and, during the process of cool- 
ing, it gradually acquired a pink tint, which could not be 
modified or renewed by the most intense heat^ In various 
topazes, the color of whose two peiicils was exactly the same, 
heat discharges more of the color from one pencil than the 
other, and thus gives them the power of absorbing light in 
reference to the axes of double refraction. 

General Observations on Double Refraction. 

(151.) The various ikcts which have been explained in the 
pieceding chapters, enable us to form very plausible opinions 
respecting the origin and nature of the doubly refracting, 
structure. The particles of bodies reduced to a state of 
fluidity by heat, and prevented by the same cause from com- 
bining into a solid body, exhibit no double refraction ; and, in 
like manner, the particles of crystallized bodies^ including 
metals when existing in a state of solution, exhibit no double 
refraction. As soon, however, as cooling in the one case, and 
evaporation in the other, permits the particles to combine in 
virtue of their mutual aJffinities, these particles have, subse- 
quent to the action of the fbrqps by which they combine, ac- 
quired the doubly refracting structure. This effect may be 
accounted for in two ways ; either by supposing that the par- 
ticles have originally a doubly refracting structure, or that 
they have no trace of such a structure. On the first of these 
supiX)sitions, w6 must ascribe the disappearance of the double 
refraction in the fluid mass, and, in the solution, to the opposite 
action of the particles, which must have had an axis in eveiy 
possible direction ; but as no double refraction is visible, it is 
more philosophical to suppose that none exists in the particles. 
On the second supposition, then, that the particles have no 
doubly refracting structure, it is easily understood how it may 
be produced by the compression of any two particles brought 
together Iw^ attraction ; Jbr each particle will have an axis of 
double remiction in ttie direction of the line joining their 
centres, as if they had been compressed by an external force. 
By following out this idea, which I have done elsewhere,* I 
have shown how the various phenomena may be explained by 
the different attractive forces of three rectangular axes, which 
may produce a single negative axis, a single positive axis, oi 

* Pkil. TransaetioHSf 1839, or EiUnburfh Journal qf ScicTice^ new scrief 
»ol. vi. p. 3»— 337. 
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two axes, either both positive or both negative, or the one 
positive and the other negative. The influence of heat, in 
chaiijgring- Xhe intensity of the two axes of sulphate of lime, 
"and in removing one of the axes, or in creating a new one, 
admits of an easy explanation on these principles. 



PART III. 

ON THE APPLICATION OP OPTICAL PRINCIPLES TO THE 
EXPLANATION OF NATURAL PHENOMENA. 



CHAP. XXXI. 

ON UNUSUAL REFRACTION. 

^152.) The atmosphere in which we live is a transparent 
mass of air possessing the property of refracting light We 
leam irom the barometer that its density gradually diminishes 
as we rise in the atmosphere, and, as we know from direct 
experiment that the refractive power of air increases with its 
density, it follows, that the refractive power of the atmosphere 
is greatest at the earth's surface, and gradually diminishes 
till the air becomes so rare as scarcely to be able to pro- 
duce any efiect upon light When a ray of light falls ob- 
liquely upon a medium Uius vaiying in densitv, in place of 
being bent at once out of its direction, it will be gradually 
more and more bent during its passage through it, so as to 
move in a curve line, in the same manner as if the medium 
had consisted of an infinite number of strata of different re- 
fractive powers. In order to explain this, let E, Jig, 129., be 
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the eutfa, Mirremided with m atmoaiibere A B C IX oooBisttiig 
«f fbor caacentrie strata of diflferent deositiea and different 
lefiractiTe powef& The index of refiraction fiir air at the 
earth's aorface beinir 1008,294, let os aappoae that the index 
of the other three strata is Hm^XO, 1000420, 1000,06a 
Let B £ D be the horizon, and let a ray S n, proceeding ftom 
the sun under the horizon, fidl on the enter stratum at n, 
whose index of refraction is 1000,050. Drawing the per- 
pendicular E n m, find by the nile formerly given the angle 
of refraction, E n a, corresponding to the angle of incidence 
S n m. When the ray n a falh on the second stratum at a, 
^ whose index of refi-action is 1000,120, we may in like 
'manner, bv drawing a perpendicular £ a j>, find the refracted 
ray a b. In the same way, the refracted rays b c and c d may 
be found. The same ray S n will therefore have been re- 
fracted in a polygonal line nabcd^ and as it reaches the eye 
in the direction c <2, the sun will be seen in the direction Jc b', 
devated above the horizon, by the refraction of the atmosphere, 
when it is still below it In like manner it might be shown 
that the sun appears above the horizon by refraction, when hm 
IS actually below it at sunset 

Although the rays of light move in straight lines tii vacu» 
and in all media of uniform density, yet, on the surface of the 
globe, the rays proceeding from a distant object, must neces- 
sarily move in a curve line, because they must pass through 
portions of air of different densities and reftactive powers: 
Hence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmoepliere, or is 
actually within it, is seen in its real place. 

Excepting in astronomical and trigtmometrical observations^ 
where the greatest accuracy is necessary, this refivction of the 
atmosphere does not occasion any inconvenience. But since 
the density of the air and its refractive power vary greatly 
when heated or cooled, great local heats or local cdds will 
produce great changes S refiractive power, and give' rise to 
optical phenomena of a very interesting kind. Such phenom- 
ena have received the name of unusual refraction, imd they 
are sometimes of such an exf.raordinary nature as to resemble 
more the effects of magic than the results of natural causes. 

(153.) t^he elevation of coasts, mountains, and ships, when 
seen over tJie surface of the sea, has long been observed and 
known by the name of looming, Mr. Huddart described 
several cases of this kind, but particularlv the very interesting 
one of an inverted image of a ship seen beneath the real ship. 
Dr. Vince observed ai Ranugate » ship, whose topmasts only 
were seen above the horifll^R; but he at the same time o»> 
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served, in the field of the telescope through which he waa 
looking, two images of the complete ship in the air, both di- 
rectly above the ship, the uppermost of the two being erect, 
and the other inverted. He then directed his telescope to 
another ship whose hull was just in the horizon, and he ob- 
served a complete inverted image of it; the mainmast b^ 
which just touched the mainmast of the 
ship itself The first of these two phe- 
nomena is shown in Jig. 130. in which A 
is the real ship, and B, C the images seen 
by unusual refraction. Upon looking at 
another ship, Dr. Vince saw inverted 
images of some of its parts which sud- 
. denly appeared and vanished, " first ap- 
pearing," says he, "below, and runnfng 
up very rapialy, showing more or less of 
the masts at ditferent times as they broke 
out, resembling in the swiftness of their 
breaking out the shooting of a beam of the 
aurora borealis." As the ship continued to 
descend, more of the image gradually ap- 
peared, till tlie image of the whole ship 
was at last completed, with the mainmasts 
in contact When the ship descended still 
lower, the image receded from the ship, but no second inmge 
was seen. Dr. Vince observed another case, shown in Jig-, 
131., in which the sea was distinctly 
seen between the ships B, C. As the 
ship A came above the horizon, the image 
C gradually disappeared, and during this 
C j^^JkN ^^^^ ^® image 6 descended, but the ship 
AE^ ^^ did not seem so near the horizon as to 

J^ bring the mainmasts together. The two 
(^_ images were visible when the whole ship 
-^^^^^^^Z-.-^n was beneath the horizon. 

Captain Scoresby, when navigating 
the Greenland seas, observed several very 
' interesting cases of umisual refraction. 
On the 28th of June, 1820, he saw from 
the mast-head eighteen sail of ships at 
the distance of atout twelve miles. One 
of them was drawn out, or lengthened^ 
in a vertical dircctiwi ; another was con- 
tracted in the same direction ; one had an 
inverted image immediately above it: 
and other two had two distinct inverted 
T 




Fig. 131. 





5J18 A THEATOB ON OPTICS. PART IXIt 

images above them, accompanied with two images of the stratq^ 
of ice. In 1822, Captain Scoresby recognized his Other's 
ship, the Fame, by its inverted image in the air, although the 
ship itself was below the horizon. He afterwards found that 
tlie ship was seventeen miles beyond the horizon, and its dis- 
tance thirty miles. In all these cases, the image was directly 
above the object ; but on the 17th of Septemter, 1818, MM. 
J urine and Soret observed a case of unusual refraction, where 
the image was on one side of the object A bark about 4000 
toises distant was seen approaching Geneva by the left bank 
of the lake, and at the same moment there was seen above 
the water an image of the sails, which, in place of following 
the dijrection of the bark, receded from it, and seemed to ap- 
proach Geneva by the right bank of the lake ; the image sail- 
mg from east to west, while the bark was sailing from north 
to south. The image was oi the same size as the object when 
it first receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the berk when the. 
phenomenon ceased. 

While the French army was marching through the sandy 
deserts of Lower Egypt, they saw various phenomena of un- 
usual refraction, to which they gave ihe name of mirage. 
When the surface of the sand was heated by tlie sun, the 
land seemed to be terminated at a certain distance by a general 
inundation. The villages situated upon eminences appeared: 
to be so many islands in the middle of a great lake, and under 
each village there was an inverted image of it. As the army 
approached the boundary of the apparent inundation, the 
imaginary lake witlidrew, and the same illusion appeared 
round the next village. M. Monge, who has described these 
appearances in the Memoires sur VEgypie, ascribes them to 
reflexion from a reflecting surface, which he supposes to take 
place between two strata of air of different densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
four turrets of Dover Castle over a hill between Ramsgate 
and Dover. Dr. Vince, however, on tlie 6th of August, 1806, . 
at seven p. m., saw the whole of ^ Dover Castle, as if it had 
been brought over and placed on the Ramsgate side of the hill. 
The image of it was so strong that the hiU itself was not seen 
through the image. 

The celebrated /flf« morgana^ which is seen in the straita 
of Messina, and which for many centuries astonished the vul- 
gar and perplexed philosophers, is obviously a phenomenon of 
this kind. A spectator on an eminence in the city of Reggip 
with his back to the sun and his face to the sea, and when th« 
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rising sun shines from that point whence its incident ray 
forms an angle of about 45° on the sea of Reggio, sees upon 
the water numberless series of pilasters, arc'nes, castles well 
delineated, regular columns, lofty towers, superb palaces with 
balconies and windows, villages and trees, plains witli herda 
and flocks, armies of men on foot and on horseback, all passing 
rapidly in succession on the surface of the sea. These same 
objects are, in particular states of the atmosphere, seen in the 
air, though less vividly ; and when the air is hazy, they are 
seen on 3ie surface of the sea, vividly colored, or fringed with 
all the prismatic colors. ' 

(154.) That the phenomena above described are generally 
produced by refraction through strata of air of different den- 
sities may be proved by various experiments. In order to 
illustrate this. Dr. WoUaston poured into a square phial {fig, 
132.) a small quantity of clear syrup^ and above this he poured 
Fir. 138. ^^ equal quantit)r of watery which grad- 

ually combined with the syrup, as seen at 
Q A. The word Syrup upon a card held 

^y^ behind the bottle appeared erect when 

|T]Ti7^J \^|M][i | seen through the pure syrup, but inverted, 
I r Sy j as represented in the figure, when seen 

through the mixture of water and syrup. 
Dr. Wollaston then put nearly the same 
quantity of rectified spirit of wine above 
the water, as in the same figure at B, and 
he saw the appearance there represented, 
the true place of the word Spirit, and 
the inverted and erect images below. 
Analogous phenomena may be seen by 
looking at objects over the surface of a liot poker, or along 
the surface of a wall or painted board heated by the sun. 

The late Mr. H. Blackadder has described some phenomena 
both of vertical and lateral mira^ as seen at King George's 
Bastion, Leith, which are very mstructive. The extensive 
bulwark, of which this bastion forms the central part, is formed 
of huge blocks of cut sandstone, and from this to the eastern 
end the phenomena are best seen. To the east of the tower 
the bulwark is extended in a straight line to the distance of 
500 feet It is eight feet high towards the land, with a foot^ 
way about two feet broad, and three feet from the ground. 
The parapet is three feet wide at U^, and is slightly inclined 
towards the sea. 

When the weather is favorable, the top of the parapt le- 
serables a mirror, or rather a sheet of ice ; and if in this state 
another person stands or walks upon it, an, observer at a little 
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distance will see an inverted image of the person under him. 
If^ while standing on the footway another person stands on it 
also, but at some distance, with his face turned towards the 
sea, his image will appear opposite to him, giving the appear- 
ance of two persons talking or saluting each other. If, again, 
when standing on the footway, and looking in a direction from 
the tower, another person crosses the eastern extremity of the 
bulwark, passing through the water-gate, either to or from 
the sea, there is produced the appearance of two persons 
moving in opposite directions, constituting what baa been 
termed a lateral mirage : first one is seen moving past, and 
then the other in an opposite direction, with some mterval be-* 
tween them. In looking over the parapet, distant objects are 
seen variously modified ; the mountains (in Fife) being con* 
verted into immense bridges ; and on going to the eastward 
extremity of the bulwark, and directing the eye towards the 
tower, the latter appears curiously mcSified, part of it being 
as it were cut off and brought down, so as to ferm another 
small and elegant tower in the form of certain sepulchral 
monuments. At other times it bears an exact resemblance to 
an ancient altar, the fire of which seems to burn with great 
intensity.* 

(155.) In order to explain as clearly as possible how the 
erect and inverted image of a ship is produced as in fig» 131., 
let S P (Jig. 133.) be a ship in the horizon, seen at E by 




p 

means of rays S E^ P E passing in straight lines through a 
track of air of uniform density lying between the ship and the 
eye. If the air is more rare at c than at a, which it may be 
from the coldnesfi of the sea below a, its refractive power wiD 

* E'hnburgh Journal qf Science, No. V. p. 13 
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be less at c than at o. In this case, rays S <f, P c, which, 
under ordinary circumstances, never could have reached the 
eye at E, will he bent into curve lines P c, S c? ; and if the 
variation of density is such that the uppermost of these rays 
S d crosses the other at any point j:, then S d will be under- 
most, and will enter the eye E as if it came from the lower 
end of the object If E /), E s, are tangents to these curves 
or rays, at the point where they enter the eye, the part S of 
the ship will be seen in the direction E «, and the part P in 
the direction E p ; that is, the image s p will be inverted. In 
like manner, other rays, S n, P »i, may be bent into curves 
S Ji E, P m E3, which do not cross one another, so that the 
tangent E s' to the curve or ray S n will still be uppermost, 
and the tangent Ep' undennost Hence the observer at E 
will see an erect image of the ship at s' p' above the inverted 
image s ;>, as in fig-. 131. It is quite clear that the state g[ 
the air may be such as to exhibit only one of these images, 
and tliat these appearances may be all seen when the real ^ip 
is beneath the horizon. ^ 

In one of captain Scoresby's ohservations we have seen 
that the ship was drawn out, or magnified, in a vertical direc- 
tion, while another ship was contracted or diminished in the 
same direction. If a cause should exist, which is quite pos- 
sible, which elongated the ship horizontally at the same time 
that it elongated it verticaUy, the effect would be similar to 
that of a convex lens, and the ship would appear magnified, 
and might be recognized at a distance fiir beyond the limits of 
unassisted vision. This very case seems to have occurred. 
On the 26th July, 1798, at Hastings, at five p. m. Mr. Latham 
saw the French coast, which is about 40 or 50 miles distant, 
as distinctly as through the best glasses. The sailors and fish- 
ermen could not at first be persuaded of the reality of the ap- 
pearance ; but as the cliffe gradually appeared more elevated, 
they were so convinced that they pointed out and nained to Mr. 
Latham the diflferent places which they had been accustomed 
to visit: such as the bay, the windmill at Boulogne, St Vallery, 
and other places on the coast of Picardy. All these places 
appeared to them as if they were sailing at a small distance 
into the harbor. From the eastern cliff or hill, Mr. Latham 
saw at once Dungeness, Dover clifils, and the French coast, all 
the way from Calais, Boulogne, on to 9t Vallery, and, as some 
of the fishermen affirmed, as far as Dieppe. The day was ex- 
tremely hot, without a breath of wind, and objects at some 
distance appeared greatly magnified. 

This class of phenomena may be well illustrated, as I !uive 
T2 
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elsewhere* suggested, by holding a mass of heated iron above 
a considerable thickness of water, placed in a glass trough, 
withr plates of parallel glass. By withdrawing the heated 
iron, the gradation of density increasing downwards, will be 
accompanied by a decrease of density from the earfa.ce, and 
through such a medium the phenomena of- the mirage may be 
seen- 

(156.) That, some of the phenomena ascribed to unusual 
refraction are owing to unusual reflexion, arising from differ- 
ence of density, cannot, we think, admit of a doubt If an 
observer beyond the earth's atmosphere at S, Jig, 129., were 
to look at one composed of strata of diff*erent refractive powers 
as shown in the figure, it is obvious that the light of the sun 
would be reflected at its passage through the boundary of each 
stratum, and the same would happen if the variation of re- 
fractive power were perfectly gradual. Well described casea 
of this kind are wanting to enable us to state the laws of the 

Shenomena; but the following fact, as described by Dr. 
tuchan, is so distinct, as to leave no doubt respecting its ori- 
gin. " Walking on the clifij" says he, " about a mile to the 
east of Brighton, on the morning of the 18th of November, 
1804, while watching the rising of the sun, I turned my ey^ 
directly towards the sea just as the solar disc emerged from 
the surface of the water, and saw the face of the cliff* on 
which I was standing represented precisely opposite to me at 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we soon also discovered our 
own figures standing on the summit of the opposite apparent 
cliffy, as well as the representation of a windmill near at hand. 
The reflected images were most distinct precisely opposite to 
where we stood, and the false cliflT seemed to fiide away, and 
to draw near to the real one, in proportion as it receded 
towards tlie west. This phenomenon lasted about ten minutes, 
till the sun had risen nearly his own diameter above the sea. 
The whole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawing up of a drop scepe in 
a theatre. The surface of the sea was covered with a dense 
fog of many yards in height, and which gradually receded 
before the rays of the sun. The sun's light fell upon the cliff 
at an incidence of about 73° from the perpendicular." 

* Mdinhurgh Eneyclopasdia^ art. He&U 
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CHAP. XXXII. 

ON THE RAINBOW.* 

(157.) The rainbow is, as every person knows, a luminous 
arch extending across the region of the sky opposite to the 
sun. Under very favorable circumstances, two bows are seen, 
the inner and the outer, or the primary and the secondary, 
and within the primary rainbow, and in contact with it, and 
without the secondary one, there have been seen supernu- 
merary bows. 

The primary or inner rainbow, which is commonly seen 
alone, is part of a circle whose rodius is 42°. It consists of 
seven differently colored bows, viz. rio/e/, vvjiich is the inner- 
most, indigo, blue, green, yellow, orange, and red, which is 
the .outermost. These colors have the same proportional 
breadth, as the spaces in the prismatic spectrum. This bow is, 
therefore, only an infinite number of prismatic spectra, ar- 
ranged in the circumference of a circle ; and it would be easy, 
by a circular arrangement of prisms, or by covering up all the 
central part of a large lens, to produce a small arch of exactly 
the same colors. All that we require, therefore, to form a 
rainbow, is a great number of transparent bodies capable of 
forming a great number of prismatic spectra from the light of 
the sun. 
* As the rainbow is never seen, unless when rain is actually 
falling between the spectator and the sky opposite to the sun, 
we are led to believe that the transparent bodies required are 
drops of rain which we know to be small spheres. If we look 
into a globe of glass or water held above the head, and oppo- 
site to the sun, we shall actually see a prismatic spectrum re- 
flected from the farther side of the globe. In this spectrum 
the violet rays will be innermost, and the spectrum vertical. 
If we hold the globe horizontal on a level with the eye, so as 
to see the sun's ligfit reflected in a horizontal plane, we shall 
see a horizontal spectrum with the violet rays innermost In 
like manner, if we hold a globe in a position intermediate be- 
tween these two, so as to see the sun's light reflected in a 
plane inclined 45° to the horizon, we stiaM "perceive a spec- 
trum inclined 45° to the horizon with the violet innermost. 
Now, since in a shower of rain there are drops in all positions 
relative" to the eye, the eye will receive spectra inclined at all 
angles to the horizon, so that when combined they will form 
the large circular spectrum which constitutes the rainbow. 

* In the College edition, see Appendix of Am.ed. clutp. vii. 
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To explain this more clearly, let E, ¥,fig, 134., be drops of 
rain exposed to the sun's rays, incident upon them in the 

Fig. 134. 




directions R E, R P ; out of the whole beam of light which 
falls upon the drop, those rays which pass through or near the 
axis of the drop will be refracted to a focus behind it, but 
those which fall on the upper side of the drop will be refracted, 
the red rays least, and the violet most, and will fall upon the 
back of the drop with an obliquity such that many of them 
will be reflected, as shown in the figure. These rays will be 
again refracted, and will meet the eye at O, which will per- 
ceive a spectrum or prismatic image of the sun, with the red • 
space uppermost, and the violet undermost. If the sun, the 
eye, and the drops E, P, are all in the same vertical plane, the 
spectrum produced by E, P will form the colors at tlie very 
summit of^ the bow as in the figure. Let us now suppose a 
drop to be near the horizon, so that the eye, the drop, and the 
sun, are in a plane inclined to the horizon ; a ray of the sun's 
light will be reflected in the same manner as at E, P, with 
this diflerence only, that the plane of reflexion will be in- 
clined to the horizon, and will form part of the bow distant 
from the summit Hence, it is manifest, that the drops of rain 
above the line joinmg the eye and the upper part of the rain- 
bow, and in the plane passmg through the eye and the sun, 
will form the upper part of the bow ; and the drops to the 
right and lefl hand of the observer, and without the line join- 
ing the eye and the lowest part of the bow, will form the 
lowest part of the bow on each hand. Not a single c^fop^ 
therefore, between the eye and the space within the bow is 
concerned in its production : so that, if a shower were to fall 
regularly ftom a cloud, the rainbow would appear before a 
single -drop of hdn.had reached the ground. 
If we compute the inclination of the red ray and the violpl 
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ray to the incident rays R E, R F, we shall find it to be 42° 2' 
for the redy and 40° 17' for the violtt, so that the breadth of 
the rainbow will be the difference of those numbers, or 1° 45', 
or nearly three times and a half the sun's diameter. These 
results coincide so accurately with observation, as to leave no 
doUbt that the primary rainbow is produced by two refractions 
and one intermediate reflexion of the rays that fall on the 
Upper sides of the drpps of rain. 

It is obvious that the red and violet rays will suffer a second 
reflexion at the points where they are represented as quitting^ 
the drop, but these reflected rays will go up into the sky, and 
cannot possibly reach the eye at O. But though this is the 
case with rays that enter the upper side of the drop as at E P, 
or the side farthest from the eye, yet those which enter it on 
the under side, or the side nearest the eye, may after two re- 
flexions reach the eye, as shown in the drops H, G, where the 
rays R, R enter the drops below. The red and violet rays 
will be refracted in different directions, and after being twice 
reflected will be finally refracted to the eye at O ; the violet 
forming the upper part, the red the under part of the spectrum. 
If we now compute the inclination of these, rays to the inci- 
dent rays R, R, we shall find them to be 50° 57' for the red 
ray, and 54° 7' for the violet ray ; the difference of which or 
3° 10' will be the breadth of the bow, and the distance be- 
tween the bows will be 8° 55'.* Hence it is clear that a 
secondary bow will be formed exterior to the primary bow, 
and with its colors reversed, in consequence of their being 
produced by two reflexions and two refiractions. The breadth 
of the secondary bow is nearly twice as great as that of the 
primary one, and its colors must be much fainter, because it 
consists of light that has suffered two reflexions in place of one. 

(158.) Sir Isaac Newton found the semi-diameter of the in- 
terior bow to be 42°, its breadth 2° 10', and its distance from 
the outer bow 8° SO'; numbers which agree so well with the 
calculated results as to leave no doubt of the truth of the ex- 
planation which has been given. But if any farther evidence 
were wanted, it may be found in the fact, which I observed in 
1812, that the light of both the rainbows is wholly polarized 
in plants parsing through the eye and the radii of the arch. 
This result demonstrates that the bows are formed by reflexion 
at or near the polarizinff angle, from the surface of a trans- 
parent body. The production of artificial rainbows by the 
spray of a waterfall, or by a ^ower of drops scattered by a 
mop, or forced out of a syringe, is another proof of the pre- 

'* No correction for the aun's apparent diameter, lit here uiado. 
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ceding explaoatioD. Lunar rainbows are sometimes seen, but 
the colors are faint, and scarcely perceptible. In 1814, 1 saw, 
at Berne, a fog-bow^ which resembled a nebulous arch, in 
which the colors were invisible. 

(159.) On the 5th of July, 1828, 1 observed three sapemo- 
merary bows within the primary bow, each consisting of 
green and red arches, and in contact with the violet arc£ of 
the primary bow. On the outside of the outer or secondary 
bow I saw distinctly a red arch, and beyond it a very faint 
green one, constitCmhg a supernumerary bow, analogous ta 
3i06e within the primary rainbow. 

Dr. Halley has shown that the rainbow fi^rmeJ by three re- 
flexions within the drops will encircle the sun itself at the 
distance of 4Sy^ 20', and that the rainbow formed by four re- 
flexions will likewise encircle him at the distance of 45° 33'. 
The rainbows formed by Jive reflexions will be partly covered 
by the secondary bow. The light which forms these three 
bows is obviously too faint to me^e any impression on our 
organs, and these rainbows have therefore never been observed. 

Many peculiar rainbows have been seen and described. On 
the 10th August, 1665, a faint rainbow was s^en at Chartres^ 
crossing the primary rainbow at its vertex. It was fonned k^ 
reflexion from the river. 

On the 6th August, 1698, Dr. Halley, when walking on the 
tvalls of Chester, observed a remarkable rainbow, shown ia 
fig. 135., where A B C is the }N-imary bow, D H £ the second- 
ary one, and A F H 6 C the new bow intersecting the second- 

rtg.m. 
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ary bow D H E, and dividing it nearly into three parts. Dr. 
Halley observed the points F, G to rise, and the arch F G 
gradually to contract, till at length the two arches F H G and 
F G coincided, so that the secondary iris for a great space lost 
its colors, and appeared like a white arch at the top. The new 
bow, A H C, had its colors in the same order as the primary 
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one ABC, and' eoosequently the reverse of the secondary 
bow ; and on this account the two opposite spectra at G and F 
counteracted each other, and woduced whitenessL The sun 
at this time shone on the river Dee, which was unruffled, and 
Pr. Halley found that the bow A H C was only that part of 
the circle of the primary bow that would have been under the 
castle bent upwards by reflexion from the river. A third 
rainbow seen between the two common ones, and not con- 
Q^ntric with them, is describeid in Eozier^s Journal, and iff. 
doubtless the same phenomenon as that observed by Dr. Halley, 
Red rainbows, distorted rainbows, and WJerted rainbows on 
the grass, have been seen. The latter are formed by the drops. 
of rain suspended on the spiders' webs in the fields. 



CHAP. xxxm. 

ON HALOS, CORONiB, PARHBUA, AND PARASELBNiB. 

ri@0.) When the sun ^nd moon are seen in a clear sky, 
they exhibit their luminous discs without any change of color, 
and without any attendant phenomena. In othe^ ccmditions 
vf the atmosphere, the two luminaries not only experience a 
change c^ color, but are surrounded with a variety of luminous 
circles c^ various, sizes and forms. When the air is charged 
with dry exhalations, the sun is sometimes as red as blwxl. 
When seen tlirough watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, I have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
moon, they are often encircled with one, two, three, or even 
more, colored rings, like those of thin plates ; and in cold 
weather, when particles of ice are floating in the higher re- 
gions, the two luminaries are frequently surrounded with the 
most complicated phenomena, consisting of cqpcentric circles, 
circles passing through their discs, segments of circles, and 
mock suns or moons, formed at the points where these circles 
intersect each other. 

The name halo is given indiscriminately to these phenom- 
ena, whether they are seen round the sun or the moon. They 
are called parhelia when seen round the sun, and paraselente 
when seen round the moon. 

The small bales seen round the sun and moon in fine wea- 
tker, when they are partially covered with light fleecy clouds, 
have been also called corotue. They are very common round 
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the son, thoogfa, from the overpowering bnghtnesB of his rays, 
they are best seen when he is observed by reflexion from Uie 
sur&ce of still water. In June, 1692, Sir Isaac Newton ob- 
served, by reflexion in a vessel of standing water, three rings 
of color round the sun, like three litUe rainbows. The colors 
of the first or innermost were blue next the sun, red without, 
and white in the middle between the blue and red. The colors 
of the second ring were purple and blue within, and pale red 
without, and green in the middle. The colors of die third 
ring were pale &/u*fluthin and pale red without The colors 
and diameters of the rings are more particularly given as fol- 
lows : — 
Ist Rbg . Blue, white, red . Diameter, 5° to 6°. 

dd Ring . Pale blue, pale red - Diameter, 12^. 

On the 19th February, 1664, Sir Isaac Newton saw a halo 
round the ukmu, of two rings, as follows : — 

ist Ring - White, bluish green, yellow, ted - Diameter, 3^ 
2d Ring • Blue, green, red - Diameter, 5^^ 

Sir Isaac considers these rings as formed by th^ light pass- 
ing through very small drops of water, in the same manner as 
the colors of thick plates. On the supposition that the glob- 
ules of water are the 500th of an inch in diameter, he finds 
that the diameters o€ the rings should be as follows : — 

Irt Red ring Diameter, 1^^ 

2d Red ring Diameter, 10^° 

3d Red ring - Diameter, 12° 33' 

The rings will increase in size as the globules become less^ 
and diminuh if the globules become larger. 

The halos round the sun and moon, which have excited 
most notice, are those which are about 47^ and 94^ in diame- 
ter. In order to form a correct idea of them, we shall give 
accurate descriptions '^f two ; one a parhelion^ and the otlier a 
paraselene. 

The following is the original account of a parhelion^ seen 
by Scheiner in 1630:— 

(161.) " The diameter of the circle M Q N next to the sun, 
was about 45°, and that of the circle'O R P was about 95<^ 20' ; 
they were colored like the primary rainbow; but the red was 
next the sun, and the other colors in the usual order. The 
breadths of all the arches were equal to one another, and 
about a third part less than the diameter of the sun, as repre- 
sented in fig. 138. : though I cannot say but the whitish circle 
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O G P, parallel to the horizon, was rather broader than the 
rest The two parhelia M, N were lively enough; but the 

J^. 136. 




other two at O and P were not so brisk. M and N had a pur- 
ple redness next the sun, and were white in the opposite parts. 
O and P were all over white. They all differed in their du- 
rations ; for P, which shone but seldom and but faintly, van- 
ished first of all, being covered by a collection of pretty thick 
clouds. The parhelion O continued constant for a great while, 
though it was but faint The two lateral parhelia M, N were 
seen constantly for three hours together. M was in a lan- 
guishing state, vand died first, afler several struggles, but N 
continued an hour after it at least. Though I did not see tlie 
last end of it, yet I was sure it was the only one that accom- 
panied the true sun for a long time, having escaped those 
clouds and vapors which extinguished the rest However, it 
vanished at last, upon the fall of -some small showers. Thw 
phenomenon was observed to last 4^ hours at least, and since 
it appeared in perfection when I first saw it, I am persuaded 
its whole duration might be above five hours. 

" The parhelia Cfc R were situated in a vertical plane pass- 
ing through the eye at F, and the sun at G, in which verticri 
the arches H R C, O R P either crossed or touched one an- 
other. These parhelia were sometimes brighter, sometimes 
feinter than the rest, but were not so perfect in their shapo 
and whitish color. They varied their magnitude and color ac- 
cording to the different temperature of the sun's light atG, 
and tbe matter that received it at Q and R ; and therefore 
U 
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their light and color were almoBt always fluctuating, and con- 
tiuued, as' it were, in a perpetual conflict I took particular 
notice that they appeared almost the first and last of the par- 
helia, excepting that of N. 

** The arches which composed the small halo M N next to 
the sun, seemed to the eye to compose a single circumference, 
but it was confused, and had unequal breadths ; nor did it con- 
stantly continue like itself, but was perpetually fluctuating. 
But in reality it consisted of the arches expressed in the 
figure, as I accurately observed for this very purpose.* These 
arches cut each other in a point at Q, and there they formed a 
parhelion ; the parhelia M, N shining from the common inter 
sections of the inner halo, and the whitish circle O N M P." 

(162.) Hevelius observed at Dantzic, on the 30th of March, - 
1660, at •one A. M., the paraselene shown in fig, 137. The 
moon A was seen surrounded by an entire whitish circle 

Fig. 137. 




B C D E, in which there weye two mock moons at B and D; 
one at each side of the moon, consisting of various colors, and 
shooting out very long and whitish beams by fits. At about 
two o'clock a larger circle surrounded the lesser, and reached 
to the horizon. The tops of both these circles were touched 
by colored arches, like inverted rainbows. The inferior arch 
at C was a portion of a large circle, and the superior at F a 
portion of a lesser. This phenomenon lasted nearly three hours. 
The outward great circle vanished first Then the larger in- 
verted arch at C, and then the lesser; and last of all the inner 

* The four intersecting circles which form this inner halo are described 
from foar centres, one at each angle of a small square. 
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circle B C D E disappeared. The diameter of this inner circle, 
and also of the superior arch, was 45°, and that of the exterior 
circle and inferior arch was 90°. 

On another occasion Hevelius ohserved a large white re<> 
langiilar cross passing through the disc of the moon, the moon 
heing in the intersection of the cross, and encircled with a 
halo exactly like the inner one in the preceding figure. 

(163.) The frequent occurrence of the halos of 47° and 94^ 
in cold weather, and especially in the northern regions of the 
globe, led to the belief that they must be formed by crystals 
of ice and snow floating in the air. Descartes supposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huygens, who investigated the subject both experi- 
mentally and theoretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles cf 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
position, by ascending currents of air or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considers 
these cylinders to have been at first a globular collection of 
the softest and purest particles of snow, to the bottom of which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the oute^ 
part of the cylinders may be melted by the heat of the sun, a 
small cylinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the 0un in a regular 
manner. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution of 
almost all the difficulties which have been encountered in ex- 
plaining the origin of halos. 

Sir Isaac Newton regarded the halo of 45° as produced by 
a different cause from the small prismatic coronee ; and he was 
of opinion that it arose from refraction. " from some sort of 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 68° or 60°.!' 

When we consider, however, the great variety of crystal- 
line forms which water assumes in freezing ; that these crys- 
tals really exist in a transparent state in the atmosphere, in 
the form of crystals of ice, which actually prick the skin like 
needles ; and that simple and compound crystals of snow, of 
I5very conceivable variety of shape, are often falling through 
the atmosphere, and sometimes melting in passing through its 
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lower and wamm stmta, we da wA, require any hypothetical 
cylinders to account for the principal phenomena of haloe. 

Mariotte, Young, Cavendish, and others, have agreed in 
ascribing the halo of 45° or 46° in diameter, to refraction 
through prisms of ice, with refracting angles of 60° floating 
in the air, and having their refracting angles in all directions. 
The crystals of hoar-mist have actuaSy such angles, and if we 
compute the deviation c^ the re&acted rays of the sun or moon 
incident upon such a prism, with the index of refraction ibr 
ice, taken at 1*31, we shall find it to be 21° 50', the double 
of which is 43° 40*. In order to explain the larger halo, Dr. 
Young supposes that the rays which have been once refracted 
by the prism may fall on other prisms, and the effect then be 
doubled by a second refraction, so as to produce a deviation 
of 90°. This, however, is by no means probable, and Dr. 
Young has candidly acknowledged the " great apparent prob- 
ability" of Mr. Cavendish's suggestion, that the external halo 
may be produced by the refraction of the rectangular termi- 
nations of the crystola With an index of refraction of 1*31, 
this would give a deviation of 45° 44', or a diameter of 91° ' 
28', and the mean of several accurate m^isures is 91° 40", a 
very remarkable coincidence. 

The existence of prisms with such rectangular terminations 
is still hypothetical ; but I have removed the difficulty on this 
point, by observing in the hoar-frost upon stones, leaves, and . 
wood, regular qu^rangular crystals of ice, both simple and 
compound. 

Although halos are generally represented as circles, with 
the sun or moon in their centres, yet their apparent form is 
commonly an irre^lar oval, wider below than above, the sun 
being nearer tneu* upper than their lower extremity. Dr. 
Smith has shown that this is an optical deception, arising from 
the apparent figure of the sky, and he estimates that when 
the circle touches the horizon, its apparent vertical diameter 
is divided by the moon, in the proportion of about 2 to 3 or 4 ; 
and is to the horizontal diameter drawn through the moon as 4 
to 3, nearly. 

^With the view of ascertaining if any. of the halos are form- 
ed by reflexion, I have examined them with doubly refracting 
prisms, and have found that the light which forms them has 
not suffered reflexion. 

The production of halos may be fllustrated experimentally 
by crystallizing various salts upon plates of glass, and looking 
through the plates at the sun or a candle. When the crystals 
are granular and properly formed, they will produce the finest 
effecfts. A few drops of a saturated solution of alum, for ^- 
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•in|de, spread over a plate of glass so as to crystallize quickly, 
will cover it with an imperfect crust, consisting* ^f flat octo- 
'hedral crystals, scarcely visible to the eye. When the o1>> 
server, with his eye placed close behind the smooth side of the 
glass plate, looks through it at a luminous body, he'Vill per- 
ceive three fine halos at difierent distances, encircling the 
source of light . The interior halo, which is the whitest of 
the three, is formed by the refraction of the rays through a 
pair of faces in the crystals that are least inclined to each 
other. The second halo, which is blue without and red within, 
with all the prismatic colors, is formed by a pair of more in- 
clined faces ; and the third halo, which is large and brilliantly 
colored, from the increased refraction and dispersion, is formed 
by the most inclined &ces. As each crystal of alum has three 
pairs of each of these included prisms, and as these refracting 
faces will have every possible direction to the horizon, it is 
easy to understand how the halos are completed and equally 
luminous throughout When the crystals have the property 
of double refraction, and when their axis is perpendicular to 
the plates, more beautiful combinations will be produced. 

(164.) Among the luminous phenomena of the atmosphere, 
we may here notice that of converging and diverging solar 
beams. The phenomenon of diverging beams, represented in 
fig. 138., is of frequent occurrence in summer, and when the 
sun is near the horizon ; and arises from a portion of the sun'» 

Fig. 138. 




rays passing through openings in the clouds, while the adjacent 

portions are obstructed by 9ie clouds. The phenomenon of 

converging beams, which is of much rarer occurrence, is 

U2 
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Bbomn in j^. 199U where the nqrs eomrerge to a point A, u 
&r below the horiaoD MN as the son is abo?e it This phe- 
Domeiion is always seen opposite'to the son, and generallj at 



#^•139. 



//-^ 



Jt^9^miam 



Mr 



A 

the same time with the phenomenon of diverging beama^ as if 
another sun, diametrically opposite to the real one, were below 
the horizon at A« and throwing out his divergent beams, in a 
phenomenon of this kind which I saw in 1824, the eastern 
portion of the horizon where it appeared was occupied with a 
black cloud, which seems to be necessary as a ground, for 
rendering visible such feeble radiations. A few mmutes after 
the phenomenon was first seen, the converging lines were 
black, or very dark; an eflfect which seems to have arisen 
from the luminous beams havmg become broad and of lAiequal 
intensity, so that the eye took up, as it were, the dark spaces 
between the beams more readily than the luminous beams 
themselves. 

This phenomenon is entirely one of perspective. Let us 
suppose beams inclined to one another like the meridians of a 
globe to diverge from the sun, as these meridians diverge from 
the north pole of the globe, and let us suppose that planes 
pass through all these meridians, and through the line joining 
the observer and the sun, or their common intersection. An 
eye, therefore, placed in that line, or in the common intersec- 
tion of all the fifteen planes, will see the fifteen beams con- 
verging to a point opposite the sun, just as an eye in the axis 
of a globe would see all the fifteen meridians of the globe 
converge to its south pole. ]£ we suppose ^e axis of a globe 
or of an armillary sphere to be direcuil to the centres c? the 
diverging and converg^g beams, and a.plane to pasi through 
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the globe parallel to the horiscm, it would cat ofi the meri- 
dians 80 as to exhibit the precise appearances in fig, 138. and 
^. 139. ; with this difierenee only, that there would be fifteen 
beams in the diverging system in the place of tlie number 
shown in fig, 139. 



CHAP. XXXIV. 

ON THE COLORS O? NATURAL BODIES. 

(165.) There is no branch of the application of optical 
science which possesses a greater interest tlian that which 
proposes to determine the cause of the colors of natural bodies. 
Sir Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject ; but though his specula- 
tions are marked with the peculiar genius of their author, yet 
they will not stand a rigorous exammation under the lights of 
modern science. 

That the colors of material nature are not the result of any 
quality inherent in the colored body has been incontrovertibly 
proved by Sir Isaac. He found that all bodies, of whatever 
color, exhibit that color only when- they are placed in white 
light. In homogeneous re<2 light \hej appeared rec2, in violet 
liffht mcileU and so on ; their colors hems always best displayed 
when placed in their own daylight colors. A red wafer, for 
example, appears red in the white light of day, because it re- 
flects red light more copiously than any of the other colors, 
irwe place a red wafer in yeUow light, it can no longer ap- 
pear red, because there is not a particle of red light in the 
yellow light which it could reflect It reflects, however, a 
portion of yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red light and not reflected white 
light from its outer surface, which all colored bodies do, it 
would in that case have appealed absolutely black when 
placed in yellow light The colors, therefore, of bodies arise 
from their property of reflecting or transmitting to the eye 
certain rays of white lig[ht, while they stifle or stop the re- 
maining rays. To this point the Newtonian theory is supjXHrt- 
.ed ,by mfellible experiments ; but the principal part of the 
theory, which has for its object to determine the manner in 
which particular rays are stopped, while others are reflected 
iff transmitted, 10 not w well founded. 
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As Sir Isaac has stated the principles of his theory with the 
greatest clearness, we shall give them in his own words. 

"1st, Those superficies of transparent bodies reflect the 
greatest quantity of light which have the greatest refracting 
power ; ti^at is, which separate media that difier most in their 
refracting power. And in the confines of equally refracting 
media there is no reflexion. 

"2d, The least parts of almost all natural bodies are in 
%ome measure transparent ; and the opacity of these bodies 
arises from the multitude of reflexions caused in their internal 
parts. 

** 3d, Between the parts of t>paque and colored bodies are 
many spaces, either empty, or replenished with mediums of 
other densities; as water between the tinging corpuscles 
wherewith any liquor is impregnated; air tetween the 
aqueous globules that constitute clouds or mists ; and for the 
most part spaces^ void of both air and water, but yet perhaps 
not wholly void of all substance, between the parts of all 
bodies. 

" 4th, The parts of bodies and their interstices must not be 
less than of some definite bigness, to render them opaque and 
colored, 

" 5th, The transparent parts of bodies, according to their 
several sizes, reflect rays of one color, and transmit those of 
another^ on the. same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I take to be the ground 
of all their colors." 

" 6th, The parts of bodies on which their colors depend are 
denser than the medium which pervades tlieir interstices. 

" 7th, The bigness of the component parts of natural bodies 
may be conjectured by their colors." 

Upon these principles Sir Isaac has endeavored to explain 
the phenomena of transparency, black and. white opacity, and 
color. He regards the transparency of water, salt, fflass, 
stones, and such like substances, as arising fi-omlhe smallness 
of their particles, and the intervals between them ; for though 
he considers them to be as^ll of pores or intervals between 
the particles as other "bodies are, yet he reckons the particles 
and their intervals to be too small to cause reflexion at their 
common surfaces. Hence it follows, from the table in page 
93, that the particles of air and their intervals cannot exceed 
the half of a millionth part of an ipch ; the particles of water 
the |th of a millionth, and those of glass the Jd of a millionth; 
because at these thicknesses the light reflected is nothing, or 
the very black of the first order. The opacity of bodies, such 
as that of white paper, linen, &c., is ascribed by Newton tg a 
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g[reater size of the particles and tlieir intervak, viz. such a 
size as to refleet the white, which is a mixture of the colors 
of the diflferent orders. Hence in air they must exceed 77 
milliouths of an inch, in water 57 millionths, and in glass 50 
millionths. 

In like manner all the different colors in Newton's table 
are supposed to be produced when the particles and their in- 
tervals have an intermediate size between that which pro- 
duces transparency and that which produces white opacity. 
If a film of mica, nxr example, of an uniform bltte color, is cut 
into the smallest pieces of the same thickness, every piece 
will keep its color, and a heap of such pieces will constitute a 
mass of the same color. . 

So far the Newtonian theory is plausible ; but in attempting 
to explain black opacity, such as that of coal and other bodies 
absolutely impervious to light, it seems to &il entirely. Te 
produce blackness^ ^ the particles must be less than any of 
those which exhibit color. For at all greater sizes there is too 
much light reflected to constitute this color ; but if they be 
supposed a little less than is requisite to reflect the white and 
very faint blue of the first order, they will reflect so very little 
lignt as to appear intensely bla^k." That such bodies will be 
black when seen by reflexion is evident ; but what becomes 
of all the transmitted light ? This question seems to have 
perplexed Sir Isaac. The answer to it is, " it may perhapt 
be variously refracted to and fro within the body, until it 
happens to be stifled and lost ; by which means it will appear 
intensely black." 

In this theory, therefore, transparency and blackness are 
supposed to be produced by the very same constitution of the 
body ; and a refraction to and fro is assumed to extinguish 
the transmitted light in the one case, while in the other such 
a refraction is entirely excluded. 

In the production of colors of every kmd, it is assumed 
that the complementary ^lor, or generally one half of the 
light, is lost by repeated reflexions. Now, ^ reflexion only 
changes the direction of light, we should expect that the light 
thus scattered would show itself in some form or other ; but 
though many accurate experiments have been made to discover 
it, it has never yet been seen. 

For these and other reasons,*! which it would be out of 
place here to enumerate, I consider the Newtonian thecHry of 

* See a more detailed examination of the theory in my Life of Sir Isaac 
Newton. 

t For an account of Sir David BrewoterV ontline of a new theory of tno 
CPlora of natural bodies, see Note VXI. of Am. etl. 
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colors as applicable only to a small class of phenomena, while 
it leaves unexplained the colors of IBuids and transparent 
solids, and all the beaatifbl hues of the vegetable kingdom. In 
numerous experiments on the colors of leaves, and on the 
juices expressed from them, I have never been able to see the 
complementary color which disappears, and I have almost in- 
variably found that the transmitted and the reflected tint is 
the same. Whenever there was an appearance of two tints, 
I have found it to arise from there being two differently color- 
ed juices existing in different sides of the leaf. The New- 
tonian theory is, we doubt not, applicable to the colors' of the 
wings of insects, 'the feathers of birds, the scales of fishes, the 
oxidated films on metal and glass, and certain opalescences. 

The colors of vegetable life and those of various kinds of 
solids arise, we are persuaded, from a specific attraction which 
the particles of these bodies exercise over the differently col- 
ored rays of light It is by the light of the sun that the colored 
juices of plants are ekboruted, that the colors of bodies are 
changed, and that many chemical combinations and decompo- 
sitions are effected. It is not easy to allow that such effects 
can be produced by the mere vibration of an ethereal medium ; 
and we are forced, by this class of facts, to reason as if light 
was materiaL When a portion of light enters a body, and is 
never again seen, we are entitled to say that it is detained by 
some power exerted over the light by the particles of the body. 
That it is attracted by the particles seems extremely probable, 
and that it enters into combination with them, and produces 
various chemical and physical effects, cemnot well be doubted ; 
and without knowing the manner in which this combination 
takes place, we may say that the light is absorbed^ which is 
an accurate expression of the fact 

Now, in the case of water, class, and other transparent 
bodies, the light which enters their substance has a certain 
small portion of its particles absorbed, and the greater part of 
it which escapes from absorption, and is transmitted, comes 
out colorless, because the particles have absorbed a propor- 
tional quantity of all the different rays which compose white 
light, or, what is the same thing, tlie body has absorbed white 
light 

In all colored solids and fluids ^in which the transmitted 
light has a specific color, the particles of the body have ab- 
'Sorbed all the rays which constitute the complementary colcr, 
detaining sometimes all the ravs of a certain definite refran- 
gibility, a portion of the rays of*^ other refrangibilities, and al- 
lowing other rays to escape entirely from-ateorption ; all the 
' rays thus stopped will form by their union a .particular com- 
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pound color, which will be exactly oom}^emeiitary to the odor 

of the transmitted rays. 

In black bodies, such as coaly &c., all the rays which enter 
their substance are absorbed ; and hence we see the reason 
why such bodies are more easily heated and inflamed by the 
action of the luminous rays. The influence exercised by heat 
and cooling upon the absGorptive power (^ bodies furnishes an 
additional support to the preceding views. 

^166.) Before concludmg this chapter, we may mention a 
few curious fects relative to white opacity, black qncity, and 
color, as exhibited by some peculiar substances. 

1st, Tabasheer, whose refractive power is I'lll, between 
air and water, is a silicious concretion found in the joints of 
the bamboo. The finest varieties reflect a delicate azure 
color, and transmit a straw-yellow tint, which is complement- 
ary to the azure. When it is slightly wetted vddi a wet 
needle or pin, the wet spot instantly becomes milk white and 
opaque. The application of a greater quantity of water re- 
stores its transparency. . 

2dly, The cameleon mineral is a solid substance made hy 
heating the pure oxide of manganese with potash. When it is 
dissolved in a little warm water, the solution changes its color 
fVom green to blue and purple, the last descending in the order 
of the rings, as if (,he particles became smaller. 

3dly, A mixture of oil of sweet almonds with soap and sul-r 
phuric acid is, according to M. Claubry, first yellow, then 
orange, red, and violet. In passing from the orange to the 
red, the mixture appears almost black, 

4thly, If, in place of oil of almonds, in the preceding ex- 
periment, we employ the oily liquid obtained from akohol 
heated with chlorine, the colors of tlie- mixture will be pale 
yellow, orange, black, red, violet, and beautiful blue, 

5thly, Tincture of turnsole, after having been a consider- 
able time shut up in a bottle, has an orange color; but when 
the bottle is opened and the fluid shaken, it becomes in a few 
minutes red, and then moHet-blue, 

6thly, A solution of lusmatine in water containing some 
drops of acetic acid is a greenish yellow. When introduced 
into a tube containing mercury, and heated by surrounding it 
with a hot iron, it assumes the various colors of yellow, 
orange, red, and purple, arfd returns gradually to its primitive 
tint ^ 

7thly, Several of the metallic oxides exhibit a temporary 
change of color by heat, and resume their original color by 
cooling. M. Chevreul observed, that when mdigo, spread 
upon paper, is volatilized, its color passes into a very brilliant 



na 



A tbbjltise on OFTIOS. 



PAST in.' 



pofipjr-red. The yellow phosphate of lead grows green wh^t 
Lot. 

8thly, One of the most remarkable fiicts, however, is that 
iiscovcred by M. Thenard. He found that phosphorus, purified 
by repeated distillations, thoug-h naturally of a whitish yeUow 
Color when allowed to cool ^owly, becomes absolutely black 
when thrown melted into cold water. Upon touching some 
little globules tliat still remained yellow and liquid when he 
was repeating this experiment, M. Biot found that they in- 
stantly became solid and black. 



CHAP. XXXV. 



ON THE EYE AJXD TISION. 



An account of the structure and functions of the human 
eye, that masterpiece of divine mechanism, forms an interest- 
ing branch of applied optics. This noble organ, by means of 
which we acquire so large a portion of our knowledge of the 
material universe, is represented in Jigs, 140. and 141., the 
former being a front and external view of it, and the latter a 
section of it through all its humors. 

The human eye is of a spherical form, with a slight pro- 
jection in front The eyeball or globe of the eye consists of 
n>ur coats or membranes, which have received the names of 
the sclerotic coat, the choroid coat, the cornea^ and the retina; 
and these coats inclose three humors, — ^the aqueous humor, 
the vitreous humor, and the crystalline humor, the last of 
which has the form of a lens, liie sclerotic coat, aaaa, or 
the outermost, is a strong and tough membrane, to which are 
attached all the muscles which give motion to the eyeball,. 

Fig, 140. 




COAT. XXXV. DE8CBIPTI0N OF THB ISTE. 241 

and it constitutes the white of the eye, a a, fi^, 140. The 
cornea, bb, lathe clear and transparent coat which forms the 

Fig. 14L 




front of the eyeball, and is the first optical surface at which 
the rays of light are refracted It is firmly united to the 
•c^eno/tc.coat, filling up, as it were, a circular aperture in its 
front The cornea is an exceedingly tough membrane, of 
equal thickness throughout, and composed of several firmly 
adhering layers, capable of qjposing great resistance to ex- 
ternal injury. The choroid coat is a delicate membrane lining 
the inner surface of the sderotic, and covered on its inner 
surface with a black pigment Immediately within this pig- 
ment, and close to it, lies the retina, rrr, which is the inner- 
most coat of all It is a delicate reticulated membrane, formed 
by the expansion of the optic nerve, O O, which enters the eye 
at a point about ^^ of an inch from the axis on the side next 
the nose. At the extremity of the axis of the eye, in a line 
passing through the ceatre <^ the cornea, and perpendicular 
to its surface, there is a small hole with a yellow margin, 
called the foramen centrale, which, notwithstanding its name, 
is not a real opening, but oniy a transparent spot, free from 
the soft pulpy matter of which the retina is composed. 

In looking through the cornea from without, we perceive a 
fla'. ciroilar membrane, ef, fig. 141., or within, 6 b, fig. 140., 
which is grey, bhie, or black, and divides the anterior of the 
«ye into two very unequal parts, in the centre of it there is 
a circular opeAuag, d, called the fntpil, which widens or ex- 
pand« when a small portion of light enters the eye, and closes 
©r contracts when a great quantity of light enters. The two 
{Hirts into which .the iris divides the eye are called the interior 
and the fosterior chambers. The anterior chamber, which is 
anterior to the iris, ef, contains the aqueous humor ; and the 
posterior chamber, which is posterior to the iris, contains ^le 
crystalline and vitreous humors, the last of which fiUis a grei^ 
poFtioQ of .the eyebalL 
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The crystalline lens, c c,Jig. 141., is a more solid substance 
than either the aqueous or the vitreous humor. It is suspended 
in a transparent bag or capsule by the ciliary processes, g g^ 
which are attached to every part of the margin or circumfer- 
ence of the capsule. This lens is more convex behind than 
before ; the radius of its anterior surface bein^ 0*30 of an inch, 
and that of its posterior sur&ce 0*22 of ail inch. The lens 
increases in density from its circumference to its centre, and 
possesses the doubly refracting structure. It coQsists of con- 
centric coats, and these are again composed of fibres. Tha 
vitreous humor, V V, is contained in a capsule, which is sup* 
posed to be divided into several compartmenta 

The total length of the eye from O to 6 is about 0*91 of an 
inch ; the principal focal distance of the lens, c c, is 1*73; and 
the range of the moving eyeball, or the diameter of the field 
of distinct vision, is 110°. The field of vision is 50° above a 
horizontal line and 70° below it, or altogether 120°. in a ver- 
tical plane. It is 60° inwards and 90° outwards, or altogether 
in a horizontal plane 150°. 

I have found the following to be the refractive powers of 
the different humors of the eye; the ray of light being inci- 
dent upon tliem from air : — 

Aqueous Crystalline Lens. Vitreous 

Humor. SaHhre. Centre. Meta. UvmOT. 

1*3366. 1*3767. 1*3990. 1-3839. 1-3394. 

But as the rays refracted by the aqueous humor pass into 
the crystalline, and those from the crystalline into the vitreous 
humor, the indices of refraction of the separating surface of 
each of these humors will be :^ — 

From aqueous humor to oater coat of the crystalliBe 1*0300 

From do. to crystalline, using the mean index - - 1*0353 

From crystalline outer coat to vitreous 0*9729 

From do. to do. using the mean index - - - 0*9679 

As the cornea and crystalline lens must act upon the rays 
of light which fall upon the eye exactly like a convex lens, 
inverted images of external objects will be formed upon the 
retina r r r in precisely the same manner as if the retina were 
a piece of white paper in the focus of a single lens placed at 
d. There is this difierence, however, between tJie two cases, 
that in the eye the spherical aberration is corrected by means 
of the variation in the density of the crystalline lens, which, 
having a greater refractive power near the centre of its mass, 
refracts the central rays to the same point as the rays which 
pass through it near its circumference cc. No provision 
however, is made in the hiunan eye for the correction of colo\ 
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because the deviation of the differently colored rays is too 
-^raall to produce indistinctness of vision. If we shut up all 
the pupil excepting a portion of its edge, or look past the 
finger heH near the eye, till the finoper sdmost hides a narrow 
line of white light, we shall see a distinct prismatic spectrum 
of this line containing all the different colors ; an effect which 
could not take place if the eye were achromatic. 

That an inverted image of external objects is formed on 
the retina has been often proved, and may be ocularly demon- 
strated by taking the eye of an ox, and paring away with a 
sharp instrument the sclerotic coat till it becomes thin eiiough 
to see the image through it Beyond this point optical science 
cannot carry us. In what manner the' retina conveys to the 
brain the impressions which it receives from the rays of light 
we know not, and perhaps never shall know. 

On the Phenomena and Laws of Vision 

• (167.) 1. On the seat of vision, — ^The retina, from its deli- 
cate structure, and its proximity to the vitreous humor, had 
always been regarded as the jseat of vision, or the suriace on 
which the refracted rays were converged to their foci, for the 

Sirpose of conveying the impression to the brain, till M. 
ariotte made the curious discovery that the base of the optic 
nerve, or the circular section of it at O, fig. 141., was in- 
capable of conveying to the brain the impression of distinct 
vision. 

He found that when the image of any external object fell 
upon the base of the optic nerve, it instantly disappeared. In 
order to prove this, we have only to place upon the ^all, at 
the height of the eye, three wafers, two feet distant from each 
other. Shutting one eye, stand opposite to the middle wafer, 
and while looking at the outside wafer on the same hand as 
the shut eye, retire gradually from the wall till the middle 
wafer disappears. This will happen at about five times the 
distance of the wafers, or ten feet from the wall ; and when 
the middle wafer vanishes, the two outer ones will be distinctiy 
seen. If candles are substituted for wafers, the middle candle 
will not disappear, but it will become a cloudy mass of light 
If the wafers are placed upon a colored wall, the spot occu 
pied by the wafer will be covered by the color of the wall, as 
. if the wafer itself had been removed. According to Daniel 
Bernoulli, the part of the optic nerve insensible to distinct 
' impressions occupies about the seventh part of the diameter 
of the eye, or about the eighth of an inch. 

This unfitness of the l»se of the optic nerve for- giving 
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distinct vision, induced Mariotte to believe that the choroid 
coat, which lies immediately below the retina, performs the 
functions ascribed to the retina; for where tliere was no 
choroid coat there was no distinct vision. The opacity of the 
choroid coat and the transparency of the retina, which render- 
ed it an unfit ground for the reception of images, were argu- 
ments in favor of this opinion. Comparative anatomy furnishes 
us with another argument, perhaps even more conclusive than 
any of those urged by Mariotte. In the eye of the sepia 
' loligOf or cuttle-fish, an opaque membranous pigment is inter- 
posed between the retina and the vitreous humor j^ so that, if 
the retina is' essential to vision, the impressions of the image 
on this black membrane must be conveyed to the retina by 
the vibrations of the membrane in front of it Now, since 
the human retina is transparent, it will not prevent the images 
of objects from being formed on the choroid coat; and the 
vibrations which they excite in this membrane, being com- 
municated to the retina, will be conveyed to the brain. These 
views are strengthened by another fact of some interest 1 . 
have observed in young persons, that the choroid coat (which 
is ffenerally suppose(i|to be black, and to grow fainter by age,) 
reflects a brilliant crimson color, like that of dogs and other 
animals. Hence, if the retina is afi^cted by rays which pass 
through it, this crimson light which must necessarily be trans- 
mitted by it ought to excite the sensation of crimson, which 1 
find not to be the case. . 

rA French writer, M. Lehot, has recently written a work, 
endeavoring to prove that the seat of vision is in the vitreous 
< humor ; and that, in place of seeing a fint picture of the ob- 
ject, we actually see an image of three dimensions, viz. with 
length, breadth, and thickness. To produce this efiect, he 
supposes tliat the retina sends out a number of small nervous 
filaments, which extend into the vitreous humor, and convey 
to the brain the impressions of all parts of the image. If this 
theory were true, the eye would not require to adjust itself to 
I diflferent distances ; and we besides know tor certain, that the 
^ eye cannot see with equal distinctness two points of an object 
^ at diflferent distances, when it sees one of them perfectly. M. 
Lehot might indeed reply to the first of these objections, that 
the nervous filaments may not extend far enough into the 

L vitreous humor to render axljustment unnecessary ; but if we 
admit this, we would be admitting an imperfection of work- 
manship, in^so far as the Creator would then be employmg two 

Dr. Knox, Edinb. Journal of Science, No. VI. p. 199. 
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kinds of mechanism to produce an effect which could have 
been easily produced by either of them separately. 

As difficulties still attach to every opinion respecting thei^ 
seat of vision, we shall still adhere to the usual expression ' 
used by all optical writers, viz. that the images of objects are 
painted on the retina. 

(168.) 2. On the law of msible direction, — When a ray 
of light falls upon the retina, and gives us vision of tlie point 
of an object from which it proceeds, it becomes an interesting 
question to determine in what direction the object will be seen, 
reckoning from the point whefe it falls upon the retina. lu 
Jig. 142., let F be a point of the retina on which the image of 
a point of a distant object is formed by means of the crystalline 




lens, supposed to be at L L. Now, the rays which form the 
ima^e of the point at F &I1 upon the retina in all possible di- 
rections from L F to L F, and we know that the point F is 
seen in the direction F C &. In the same manner, the points 
jT/' are seen somewhere in the directions /' S,/T. These 
lines F R,/' S,/T, which may be called the lines of visible 
direction^ may either be those which pass through the centre 
C of the lens L L, or, in the case of the eye, ttirough the 
centre of a lens equivalent to all the refractions employed in 
producing the image ; or it may be the resultant of all the 
directions within the angles L P L, L/L; or it may be a line 
perpendicular to the retina at F,f'f, In order to determine 
this point, let us look over the top of a card at the point of 
the object whose image is at F till the edge of the card is just 
about to hide it, or, what is the same thing, let us obstruct all 
the rays that pass through the pupil exce^ing the upper ones, 
R L, R C ; we shall then find that the point whose image is at F, 
is seen in the same direction as when it was seen by all the 
rays L F, C F, L F. If we look beneath the card in a similar 
manner, so as to see the object by the lower rays, R L F, R C F 
V2 



i 
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we shall see it in the same direction. Hence it is manifest 
that the line of visible direction does not depend on the direc- 
tion of the ray, but is always perpendicular to the retina. This 
important truth in the physiology of vision may be proved in 
another way. If we look at the sun over the top of a card, 
as before, so as to impress the eye with a permanent spectrum 
by means of rays I?F falling obliquely on the retina, this 
. spectrum will be seen along t£e axis of vision F C. In like 
manner, if we press the eyeball at any part where the retina 
is, we shall see the luminous impression which is produced, in 
a direction perpendicular te the point (^ pressure ; and if we 
make the pressure with the head of a pin, so as to press eitlier 
obliquely or perpendicularly, we shall find that the luminous 
spot has the same direction. 

Now, as the interior eyeball is as nearly as possible a perfect 
sphere, lines perpendicular to the surface of the retina must 
all pass through one single point, namely, the centre of its 
spherical surface. • This one point may be called the centre of 
visible direction, because every point of a visible object will 
be seen in the direction of a Ime drawn finora this centre to 
the visible point When we move the eyeball by means of its 
own muscles through its whole range of 110°, every point of 
an object within the area of the visible field either of distinct 
or indistinct vision remains absolutely fixed, and this arises 
from the immobility of the centre of visible direction, and, 
consequently, of the lines of visible direction joining. that 
centre and every point in the visible field. Had Ae centre of 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. If we press 
the eye with the finger, we alter the spherical form of the 
surface of the retina; we consequently alter the direction of 
lines perpendicular to it, and also the centre where these lines 
meet; so that the directions of visible objects should be 
changed by pressure, as we find them to be. 

(169.) 3. On the cause of erect vision from an inverted 
image, — As the refractions which take place at the surface of 
the cornea, and at the surfaces of the crystalline lens, act ex- 
actly like those in a convex lens in forming behind it an in- 
verted image of an erect object ; and as we know from direct 
experiment that an inverted image is formed on the retina, it 
has been long a problem among tlie learned, to determine how 
an inverted image produces an erect object It would be a 
waste of time to give even an outline of the diflTerent opinions 
which have been entertained on this subject; but there is one 
BO extraordinary as to merit notice. Accordinff to this opuiion, 
all Infants see objects upside down, and itis omy -by comparing 
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tbe erroneous infi^rraatioQ acquired by vision with the accurate 
information acquired by touch, that the young learn to see 
objects in an erect position ! To refute such an opinion would 
be an insult to the intelligent reader. The establishment of 
the true cause of erect vision necessarily overturns all erro- 
neous hypotheses. 

The law of visible direction above explained, and deduced 
from direct experiment, removes at once every difficulty that 
besets the subject. The lines of visible direction necessarily 
cross each other at the centre of visible direction, so that those 
from the lower part of the image go to the upper part of the 
object, and those from the upper part of the image to the lowei 
part of the object. Hence, in Jig, 142. the visible direction 
of the point/', formed by rays coming from the upper end S 
of the object, will be/'C S, and the visible direction of the 
point/ formed by rays coming from the lower end T of tJie 
object, will be/CT; so that an inverted image necessarily 
produces an erect object 

This conclusion may be illustrated in another way. If we 
hold up against the sun tlie erect figure of a man, cut out of 
a piece of black paper, and look at it steadily for a little 
while ; if we then shut both eyes, we shall see an erect spec- 
trum of the man when the figure of the paper is erect, and 
an inverted spectrum of him when the figure is held in an 
inverted position. In this case, there are no rays proceeding 
from the object to the retina after the eye is shut, and therefore 
the object is seen in the positions above mentioned, in virtue 
of the lines of visible direction being in all cases perpendicular 
to the impressed part of the. retina. 

(170.) 4. On the law of distinct vision. — When the eye 
is directed to any point of a landscape, it sees with perfect 
distinctness only that point of it which is directly in the axis 
of the eye, or the image of which falls upon the central hole 
of the retina. But, though we do not see any point but the 
one with that distinctness which is necessary to examine it, 
we still see the other parts of the landscape with sufficient 
distinctness to enable us to enjoy its general effect The ex- 
treme mobility of the eye, however, and the duration of the 
impressions made upon the retina, make up for this apparent 
defect, and enable us to see the landscape as perfectly as if 
every part of it were seen with equal distinctness. 

The indistinctness of vision for all objects situated out of 
the axis of the eye increases with their distances from that 
axis; so that we are not entitled to ascribe i;he distinctness of 
vision in the axis to the curcumstance of the image being 
formed on the central hole of the retina» where there is no 
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nervous mailer ; for if Uiia were the case, there would be a 
precise boundary between distinct and indistinct vision, or the 
retina would be found to grow thicker and thicker as it re- 
ceded from the central hole, which is not the case. 

In making some experiments on the indistinctness of vision 
at a distance from the axis of the eye, I was led to observe a 
very remarkable peculiarity of oblique vision. If we shut one 
eye, and direct the other to any fixed point, such as the head 
of a pin, we shall see indistinctly all other objects within the 
sphere of vision. Let one of these objects thus seen indis- 
tinctly be a strip of white paper, or a pen lying upon a green 
cloth. Then, after a short time, the strip of paper, or the pen, 
will disappear altogether, as if it were entirely removed, the 
impression of the green cloth upon the surrounding parts of 
the eye extending itself over the part of the retina which the 
image of the pen occupied. In a short time the vanished 
image will reappear, and again vanish. When both eyes are 
open, the very same effect takes place, but not so readily as 
with one eye. If the object seen indistinctly is a black stripe 
on a white grotind, it will vanish in a similar manner. When 
the object seen obliquely is luminous, such as a candle, it will 
never vanish entirely, unless its light is much weakened by 
bein^ placed ata great distance, but it swells and contracts, 
and IS encircled with a nebulous halo ; so that the luminous 
impressions must extend themselves to adjacent parts of the 
retina which are not influenced by the light itself 

If, when two candles are placed at Sie distance of about 
2ight or ten feet from the eye, and about a foot from each 
>ther, we view the one directly find the other indirectly, the 
Indirect image will swell, as we have already mentioned, and 
will be surrounded with a bright ring of yellow light, whil^ 
the bright lig^t within the ring will have a pale blue color. 
If the candles are viewed through a prism, the red and green 
light of the indirect imaore will vanish, and there will be left 
only a large mass of jel6w terminated with a portion of blue 
light In making this experiment, and looking steadily and 
directly at one of the prismatic images of the candles, I was 
surprised to find tliat the red and green rays began to dis- 
appear, leaving pnly yellow and a small portion of blue ; and 
when the eye was kept immovably fixed on the same point of 
the image, the yellow light became almost pure white, so that 
the prismatic image was converted into an elongated image 
of white light 

If the strip of white paper which is seen indirectly with 
both eyes is placed so near the eye as to be seen double, the 
rays which proceed from it no longer fall upon corre^ioiiding 
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points of the retina, and the two images do not vanish insstan'^ 
taneously. But when the one begins to disappear, the other 
begins soon after it, so that they sometunes appear to be ex- 
tinguished at the same time. 

From these results it appears that oblique or indirect vision 
is inferior to direct vision, not only in distinctness, but from 
its inability to preserve a sustained vision of objects; but 
though thus defective, it possesses a superiority over iirect 
vision in giving us more perfect vision of minute objects, such 
as small stars, which cannot be seen by direct vision. This 
.curious fact has been noticed by Mr. Herschel and Sir James 
South, and some of the French astronomers. ** A rather sin- 
gular method," say Messrs. Herschel and South, "of obtaining 
a view, and even a rough measure, of the angles of stars of 
the last degree of faintness, has often been resorted to, viz. to 
direct the eye to another part of the field. In this way, a 
faint star, in the neighborhood of a large one, will often be- 
come very conspicuous ; so as to bear a certain illumination, 
which will yet totally disap];)ear, as if suddenly blotted out, 
when the eye is turned full upon it, and so on, appearing and 
disappearing alternately as often as you please. The lateral 
portions of the retuia, less fetigued by strong lights, and l^ss 
cxliausted by perpetual attention, are probably more sensible 
to faint impressions than the central ones ; which may serve 
to account for this phenomenon." 

The following explanation of this curious phenomenon 
seems to me more satisfactory : — A luminous point seen by 
direct vision, or a sharp line of light viewed steadily for a 
considerable time, throws the retina into a state of agitation 
highly unfavorable to distinct vision. If we look through the 
teeth of a fine comb held close to the eye, or even through a 
single aperture of the same narrowness, at a sheet of illumi- 
nated white paper, or even at the sky, the paper or the sky 
will appear to be covered with an infinite number of broken 
serpentine lines, parallel to the aperture, and in constant mo* 
tion ; and as the aperture is turned round, these parallel undu- 
lations will also turn round. These black and white lines are 
obviously undulations on the retina, which is sensible to the 
impressions of light in one phase of the undulation, and insen- 
sible to it in another phase. An analogous effect is produced 
by looking stedfastly, and for a considerable time, on the par- 
allel lines which represent the sea in certain maps. These 
lines will break into portions of serpentine lines, and all the 
prismatic tints will be seen included between the broken cur- 
vilinear portions. A sharp point or line of light is therefore 
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unable to keep ap a continued vision of itself upon the retina 
when'seen directly. 

Now, in the case of indirect vision, we have already seen 
that a luminous object does not vanish, but is seen indistinctly, 
and produces an enlarged image on the retina, beside that 
which is produced by the defect of convergency in the pencils. 
Hence, a star seen indirectly, will affect a larger portion of 
the r^ina from these two causes, and, losing its sharpness, * 
will be more distinct. It is a curious circumstance, too, that 
in the experiment witli the two candles mentioned above, the 
candles seen indirectly frequently appear more intensely 
bright than the candle seen directly. 

(171). 5. On. the insensibility of the eye to direct impres- 
sums of faint light, — The insensibility of the retina to indi- 
rect impressions of objects ordinarily illuminated, has a sin- 
gular counterpart in its insensibility to the direct impression 
of very faint light If we fix the eye steadily on objects in a 
dark room that are illuminated with .the faintest gleam of 
light, it will be soon thrown intaa state of painful agitaticm ; 
the objects will appear and disappear according as the retina 
has recovered or lost its sensibility. 

These affections are no doubt the source of many optical 
deceptions which have been ascribed to a supernatural origin. 
In a dark night, when objects are feebly illuminated, tneir 
disappearance and reappearance must seem very extraordinary 
to a person whose fear or curiosity calls forth all his powers of 
observation. This defect of the eye must have been often 
noticed by the sportsman in attempting to mark, upon the mo- 
notonous heaths, the particular spots where moor-game had 
alighted. Availing himself of the slightest difference of tint 
in the adjacent heaths, he endeavors to keep his eye steadily 
upon it as he advances ; but whenever the contrast of illumi- 
nation is feeble, he almost always loses sight of his mark, or 
if the retina does take it up a second time, it is only to lose it 
again.* 

(172.) 6. On the duration of impressions of light on th€ 
retina. — ^Every person must have oteerved that the effect of 
light upon the eye continues for some time. During the 
twinkling of the eye, or the rapid closing of the eyelids foi 
the purpose of diffusing the lubricating fluid pver the cornea, 
we never lose sight of the objects we are viewing. In like 
manner, when we whirl a burning stkk with a rapid motion, 
its burning extremity will produce a complete circle of light. 

* See tbe Edinburgh Journal of Scimee, No. V I. p. 388. 
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although that extremity canr only be in one part of the circle 

at the same instant 

The most instructive experiment, however, on this subject, 
and one which it requires a good dea|^f practice to make 
well, is to look for a short time at the wmdow at the end of a 
long apartment, and then quickly direct the eye to the dark 
wall. In general, the ordinaiy observer will see a picture of 
(he window, in which the dark bars are white and the white 
panes dark ; but the practised observer, who makes the observ* 
ation witii great promptness, will see an accurate representa- 
tion of the window with dark bars and bright panes ; but this 
representation is instantly succeeded by Uie complementary 
picture, in which the bars are brig:ht and the panes dark. M. 
D'Arcy found that the irght of a live coal, moving at the di» 
tance of 165 feet, maintained its impression on the retina 
during the seventh part of a second.* 

(173.) 7. On the cause of single visum with two eyes.-^ 
Although an image of every visible object is formed on the 
retina of each eye, yet when the two eyes are capable of di- 
recting their axes to any given object, it always appears single. 
There is no doubt that, in one sense, we really see two objects^ 
but these objects appear as one, in consequence ,of the one oc- i , 
cupying exactly the same place as the other. Single vision ) 
with two eyes, or with any number of eyes, if we had them, 
is the necessary consequence of the law of visible direction. | ^ 
By the action of the external muscles of the eyeballs, the 
axes of each eye can be directed to any point of sfiace at a 
greater distance than 4 or 6 inches. If we look, for example, 
at an aperture in a window-shutter, we know that an image 
of it is formed in each eye ; but, as the line of visible direc- 
tion from any point in the one image meets the line of visible 
direction from the same point in the other image, each point 
will be seen as one point, and, consequently, the whole aper- 
ture seen by one eye will coincide with or cover the whole 
aperture seen by the other. If the axes of both eyes are di-, 
rected to a point beyond the window^^or to a point within the 
room, the aperture will then appear double, because the lines 
of visible direction from the same points in each image do not 
meet at the aperture. If the muscles of either of the eyes is 
unable to direct the two axes of the eyes to the same point, 
the object will in that case also appear double. This inability 
of one eye to follow the motions of the other is frequently the 
cause of squinting, as the eye which is, as it were, left behind 
necessarily looks in a different direction from the other. The 

• For a farther illustratioo, see Note VIII. of Am. eU. 
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same eflfect is often produced bj the imperfect vision of one 
eve, in consequence of which the good eye only is used. 
Hence the imperfect eye will gradually lose the power of fol- 
lowing the motions ^the other, and will therefore look in a 
different direction. The disease of squinting may be often 
easily cured. 

(174.) 8. On the 'accommodation, of the eye to different 
distances, — ^When the eye sees objects distinctly at a great 
distance, it is unable, without some change, to see objects dis- 
tinctly at any less distance. This will be readily seen by 
looking between the fingers at a distant object When the 
distant object is seen distinctly, the fingers will be seen indis- 
tinctly ; and, if we look at the finger^ so as to see them dis- 
tinctly, the distant object will be quite indistinct The most 
distinguished philosophers have maintained different opinions 
respecting the method by which the eye adjusts itself to dif- 
ferent distances. Some have ascribe^ it to the mere enlarge- 
ment and diminution of the pupil ; some to the elongation of 
the eye, by which the retina is removed from the crystalline 
lens ; some to the motion of the crystalline lens ; and others 
to a change in the convexity of the lens, on the supposition 
that it consists of muscular fibres. I have ascertained, by 
direct experiment, that a variation in the aperture of the pupil, 
produced artificially, is incapable of producing adjustment, 
and as an elongation of the eye would alter the curvature of 
the retina, and consequently the centre of visible direction, 
and produce a change of place in the image, we consider this 
hypothesis as quite untenable. 

in order to discover the cause of the adjustment, I made a 
series of experiments, from which the following inferences may 
be drawn : — 

1st, The contraction of the pupil, which necessarily takes 
plaA when the eye is adjusted to near objects, does not pro- 
duce distinct vision by the diminution of the aperture^ but by 
some other action which necessarily accompanies it 

2dly, That the- eye adjusts itself to near objects by two 
actions ; one of which is voluntary, depending wholly on the 
will, and the other involuntary, depending on the stimulus of 
light falling on the retina. 

3dly, That when the voluntary power of adjustment fails, 
the adjustment may still be effected by the involuntary stimu-^ 
Uis of light 

Reasoning from these inferences, and other results of ex* 
periment, it seems difficult to avoid the conclusion that the 
power of adjustment depends on the mechanism which con 
tracts and dilates the pupil ; and as this adjustment is inde- 
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pendent of the variation of its aperture, it must be effected by 
the parts in immediate contact with the base of the iris. By 
considering the various ways in which the mechanism at the 
base of the iris may produce the adjustment, it appears to be 
almost certain that the lens is removed from the retina by the 
contraction of the pupil.* 

(175.) 9. On the cause ofhmgsightedness and shortsight" 
edness. — ^Between the ages of 30 and 50, the eyes of most 
persons begin to experience a remarkable change, which 
generally shows itself in a difficulty of reading small type or 
ill-printed books, particularly by candlelight This detect of 
sight, which is called longsightedness, because objects are 
seen best at a distance, arises from a change in the state of 
the crystalline lens, by which its density and refractive power, 
as well as its form, are altered. It frequently begins at the 
margin of the lens, and takes several months to go round it, 
and it is oflen accompanied with a partial separation of the 
laminse and even of the fibres of the lens. " If the human 
eye," as I have elsewhere remarked, " is not managed with 
peculiar care at this period, the change in the condition of the 
lens often runs into cataract, or terminates in a derangement 
c€ fibres, which, though not indicated by white opacitv, occa- 
sions imperfections of vision that are often mistaken for 
amaurosis and other diseases A skilful oculist, who tlioroughly 
understands the structure of the eye, and all its optical func- 
tions, would have no difficulty, by means of nice experiments, 
in detecting the very portion of the leiw where this change 
has taken place ; in determining the nature and magnitude of 
the change which is going on ; in applying the proper reme- 
dies for stopping its progress ; and in ascertaining whetlier it 
has advanced to such a state that aid can be obtained from 
convex or concave lenses. In such cases, lenses are often re- 
sorted to before the crystalline lens has suffered a uniform 
change of figure or of density, and the use of them cannot 
fail to aggravate the very evila which they are intended to 
remedy. In diseases of the lens, where ♦he separation of 
fibres is confined to small spots, and is yet of such magnitude 
as to give separate colored images of a luminous object, or 
irregular hake of light, it is often necessary to limit the aper- 
ture of the spectacles, so as to allow the vision to be performed 
by the good part of the crystalline lens." 

This defect of the eye, when it is not iwjcompanied with 
disease, may be completely remedied by a convex lens, which 

* For a fUiler account of these experiments, see Edinburgh JounuU o, 
SeUiue, No. I. p. 77. 

W 
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makes up lor the flatness and diminished refractive power ot 
the crystalline, and enables the eye to converge the pencils 
flowing from near objects to distinct foci on the retina. 

Shortsightedness snows itself in an inability to see at a dis- 
tance ; and those who experience this defect brin^ minute ob* 
jects very near the eye in order to see them distinctly. The 
rays from remote objects are in this case converged to foci be- 
fore they reach the retina, and therefore the picture on the 
retina is indistinct This imperfection often appears in early 
life, and arises from an increase of density in the central parts 
of the crystalline lens. By using a suitable concave lens the 
convergency of the rays is delayed, so that a distinct image 
can be formed on the retina. 



CHAP. XXXVI. 

ON ACCIDENTAL COLORS AND COLORED SHADOWS. 

(176.) When the eye has been strongly impressed with 
any particular species of colored light, and when in this state 
it looks at a sheet of white paper, the paper does not appear 
to it white, or of the color with which the eye was impressed, 
bat of a different color, which is said to be the accidental color 
of the color with which the eye was impressed. If we place, 
for example, a bright red wafer upon a sheet of white paper, 
and fix the eye steawiily upon a mark m the centre of it, then 
if we turn the eye upon the white paper we shall see a cir- 
cular spot of bluish green light, of the same size as the wafer. 
This color, which is called the accidental color of red, wiL 
gradually fade away. The bluish green image of the waifer is 
called an ocular spectrum, because it is impressed on the eye. 
and may be carried about with it for a short time. 

If we make the preceding experiment with differently col- 
ored wafers, we shall obtain ocular spectra whose colors vary 
with the color of the wafer employed, as in the following table. 



■of'theWafcr 


tbe Ocular Spectrum. 


Red. 


Bluish green. 


Orange. 


blue. 


Yellow. 


Indieo. 
Reddish violet 


Green. 


Blue. 


Orange red. 


Indigo. 


Orange yellow. 


Violet 


Yellow green 


Black. 


White 


White 


Black 



CHAP. XXXVI. ON ACCIDENTAL COLOKS.^ 255 

In order to find the accidental color of any color in the spec- 
trum, take half the length of the spectrum in a pair of com- 
passes, and setting one root in the color whose accidental color 
IS required, the other will fall upon the accidental color. 
Hence the law of accidental colors derived from observation 
may be thus stated : — ^The accidental color of any color in a 
prismatic spectrum, is that color which in the same spectrum 
IS distant from the first color half the length of the spectrum ; 
or, if we arrange all the colors of any prismatic spectrum in 
a circle, in their due proportions, the accidental color of any 
particular color will be the color exactly opposite that par- 
ticular color. Hence the two colors have been called opposite 
colors. 

If the primitive color, or that which impresses the eye. Is 
reduced to the same degree of intensity as the accidental 
color, we shall find that the one is the complement of the 
other, or what the other wants to make it white light ; that 
is, the primitive and the accidental colore will, when reduced 
to the same degree of intensity which thejr have in the spec- 
trum, and when mixed together, make white light On this 
account accidental colors have been called complementary 
colors. 

With the aid of these facts, the theory of accidental colors 
will be readily understood. When the' eve has been for some 
time fixed on the red wafer, the part of the retina occupied 
by the red image is strongly excited, or, as it were, deadened 
by its continuS action. The sensibility to red light will 
therefore be diminished ; and, consequently, when the eye is 
turned from the red wafer to the white paper, the deadened 
^rtion of the retina will be insensible to the red rays which 
form part of the white light from the paper, and consequently 
will see the paper of that color which arises from all the rays 
in the white light of the paper but the red ; that is, of a bluish 
green color, which is therefore the true complementary color 
of the red. When a black wafer is placed on a white 
ground, the circular portion of the retina, on which the bl^ck 
image falls, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, being excited by the white light of the paper, 
will be deadened by its continued action. Hence, when the 
eye is directed to the white paper, it will see a white circle 
corresponding to the black irnag-e on the retina ; so that the 
accidental color of black is white. For the same reason, if a 
white wafer is placed on a black ground, and viewed stedfastly 
for some time, the eye will afterwards see a black circular 
space ; so that the accidental color of white is black. 
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Such are the phenomena of accidental colors when weak 
Ij^ht is employed ; but when the eye is impressed powerfully 
with a bright white light, the phenomena have quite a different 
character. The first person who made this experiment with 
any care was Sir Isaac Newton, who sent an account of the 
results to Mr. Locke, but they were not published till 1829,* 
Many years before 1691, Sir Isaac, having shut his lefl eye, 
direct«i the right one to the image of the sun reflected from 
a looking-glass. In order to see the impression which was 
made, he turned his eye to a dark comer of his room, when 
he observed a bright spot made by the sun, encircled by rin^ 
of colors. This ** phantom of 'light and colors," as he calls it, 
gradually vanished ; but whenever he thought of it, it return- 
ed, and became as lively and vivid as at first He rashly re- 
peated the experiment three times, and his eye was impressed 
to such a degree, " that whenever I looked upon the clouds, 
or a book, or a bright object, I saw upon it a round bright 
spot of light like the sun ; and, which is still stranger, though 
I looked upon the sun with my right eye only, and not with 
my left, yet my fancy began to make an impression on my left 
eye as well as upon my right; for if I shut my right eye, or 
looked upon a book or the clouds with my left eye, I could see 
the spectrum of the sun almost as plain as with my right eye." 
The effect of this experiment was such, that Sir Isaac durst 
neither write nor read, but was obliged to shut himself com- 
pletely up in a dark chamber for three days together, and by 
keeping in the dark, and employing his mind about other 
things, he began, in about three or four days, to recover the 
use of his eyes. In these experiments. Sir Isaac^s attention 
was more taken up with the metaphysical than with the op- 
tical results of them, so that he has not described either the 
colors which he saw, or the changes which they underwent 

Experiments of a similar kind were made bj M. iEpinus. 
When the sun was near the horizon, he fixed his eye steadily 
on the solar disc for 15 seconds. Upon shutting his eye he 
saw an irregular pale stdphur yellow image of the sun, encir- 
cled with a fidnt red border. As soon as he opened his eye 
upon a white ground, the image of the sun was a brownish 
redf and its surrounding border sky blue. With his eye again 
shut, the image of the sun became green with a red boSer, 
different from the last Turning h\S eye again upon a white 
ground, the sun's image was more red, and its border a brighter 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky blue, with the 

* In Lord King's Ufe of Locke. 
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border growing a finer red ; and when the eye was open, the 
spectrum became a finer red, and its border a finer blue. M. 
^pinus noticed, that when his eye was fixed upon the white 
ground, the image of the sun frequently disappeared, returned, 
and disappeared again. 

About the year 1808, 1 was led to repeat the preceding ex- 
periments of iEpinus; but, instead of looking at the sun 
when of a dingy color, I took advantage of a fine summer's 
day, when the sim was near the meridian, and I formed upon 
a white ground a brilliant image of his disc by the concave 
speculum of a reflecting telescope. Tying up my right eye, 
I viewed this luminous disc with my left eye through a tube, 
and when the retina was highly excited, I turned my kift eye 
to a white ground, and observed the following spectra, by al- 
ternately opening and shutting it : — 



BiwGlm irith left eye ofieik 


Bpettn with left eye ahiit. 




Green. 


2. Orange mixed with pink. 


Blue.' 


3. Yellowish brown. 


Bluish pink. 


4. Yellow. 




5. Pure red. 


Sky blue 


6. Orange. 


Indigo. 



Upon uncovering my right eye, and turning it to a white 
ground, I was surprised to observe that it also gave a colored 
spectrum, exactly the reverse of the first spectrum, which 
was pink with a green border. The reverse spectrum was a 
green with a pinkish border. This experiment was repeated 
three times, and always with the same result ; so that it would 
" appear that the impression of the solar image was conveyed 
by the optic nerve from the left to the right eye. Sir Isaac 
Newton supposed that it was his fancy that transferred the 
imaee from his left to his right eye ; but we are disposed to 
think that in his experiment no transference took place, be- 
cause the spectrum which he saw with both eyes was the 
same, whereas in my experiment it was the reverse one. We 
cannot however speak decidedly on this point, as Sir Isaac 
did not observe that the spectra with the eye shut were the 
reverse of those seen with the eye open. It a spectrum is 
strongly formed on one eye, it is a very diflScult matter to lie- 
termine on which eye it is.fbrmed, and it would be impossible 
to do this if the spectrum was the same when the eye was 
open and shut 

The phenomena of accidental colors are often finely seen 
when the e^e has not been strongly impressed with any par- 
ticular colored object It was long ago observed by M. Meu»- 
W2 
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nier, that whea the son .shone through a bole a quarter of an 
inch in diameter in a red curtain, the image of tne luminoufl 
spot was green. In like manner, every person must liave ob- 
served in a brightly painted room, illuminated by the sun, that 
the parts of any white object on which the colored light doea 
not &11, exhibit the complementary colors. In order to see 
this class of phenomena, I have found the following method 
the simplest and the best Having lighted two candles, hold 
before one of them a piece of colored glass, suppose bright red, 
and remove the other candle to such a distance that Uie two 
shadows of any body formed upon a piece of white paper may 
be equally dark. In this case one of the shadows will be red^ 
and the other green. With blue glass, one of them will be 
blue, and the other orange yellow ; the one being invariably 
the accidental color of the other. The very same effect may 
bp produced in daylight by two holes in a window-shutter ; tiie 
one being covered with a colored glass, and the other trans- 
mitting the white light of the sky. Accidental colors may 
also be seen by looking at the image of a candle, or any white 
object seen by reflexion from a plate or surface of colored 
glass sufficiently thin to throw back its color from the second 
surface. In this case the reflected image will always have 
the complementary color of the glasa The same efiect may 
be seen in looking at the image of a candle reflected from the 
water in a blue flnger-glass ; the image of the candle is yel 
lowish : but the effect is not so decided in this case, as the 
retina is not sufficiently impressed with the blue light of the 
glass. 

These phenomena are obviously different from those which 
are produced by colored wafers ; because in the present case 
the accidental color is seen by a portion of the retina which 
is not affected, or deadened as it were, by the primitive color. 
A new tbeory of accidental colors is tiierefore requisite, to 
embrace this class of facts. 

As in acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impressions of 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or haruKmic color.* When we look 
at the red wafer, we are at the same time, with the same por- 
tion of the retina, seeing green; but being much faiy^er, it 
seems only to dilute the red^ and make it, as it were, whiter, 
by the combination of the two sensations. When the eye 
looks from the wafer to the white paper, the permanent sen- 

* The term karmonic baa been applied to tceideDtal colon; because the 
pnniitive and iti accidental color barmonixe with eadli otber in paiAtipg. 
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Bation of the accidental color remains, and we see a green 
image. The duration of the primitive impression is only a 
fraction of a second, as we have already shown ; but the dura- 
tion of the harmonic impression continues for a time propor- 
tional to the strength of the impression. In order to apply 
these views to the second class of facts, we must* have re- 
course to another principle ; namely, that when the whole or 
a s^reat part of the retina has the sensation of any primitive 
color, a portion of the retina protected from the impression of 
the color is actually thrown into that state which gives the 
accidental or harmonic color. By the vibrations probably 
communicated from the surrounding portions, the influence of 
the direct or primitive color is not propagated to parts free 
from its action, excepting in the particular case of oblique 
vision formerly mentioned. When the eye, therefore, looks 
at the white spot of solar light seen in the middle of the red 
light of the curtain, the whole of the retina, except the por- 
tion occupied by the image of the white spot, is in the state 
of seeing every thing green; and as the vibrations which 
constitute this state spread over the porticms of the retina 
upon which no red light foils, it will, of couree, see the white 
circular spot green. 

(177.) A very remarkable phenomenon of accidental colors, 
in which the eye is not excited by any primitive color, was 
observed by Mr. Smith, surgeon in Fochaber& If we hold a 
narrow strip of white paper vertically, about a foot from the 
eye, and fix both eyes upon an object at some distance beyond 
it, then if we allow the light of the sun, or the light of a can- 
dle, to act st|X)ngly upon the right eye, without affecting the 
left, which may be easily protected from its influence, the left 
hand strip of paper will be seen of a bright green' color, and 
the right hand strip of a red color. If the strip (rf* paper is 
sufficiently broad to make the two images overlap each other, 
the overlapping parts will be perfectly, white, and free from 
color ; which proves that the red and green are complementary. 
When equally luminous' candles are held near each eye, the 
iwo strips of paper will be white. If when the candle, is held 
near the right eye, and the strips of paper are seen red and 
green, then on bringing the candle suddenly to the left eye, 
the left hand image of the paper will gradually change to 
green, and the right nand image to red, 

(178.) A singular affection of the retina, in reference to 
Gok>r8, is shown in the inability of some eyes to distinguish 
eertain colors of the ^ctrum. The persons who experiencts 
this defect have their eyes generally in a sound state, and are 
oapable of performing ail tlie most aelieate fimctions of vinon. 
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Mr. Harris, a shoemaker at Allonby, was unable from his in- 
fancy to distinguish the cherries of a cherry-tree from its 
leaves, in so far as color was concerned. Two of his brothers 
were equally defective in this respect, and always mistook 
orange for ffrass greetij and light green for yellow. Harris 
himself could only distinguish black and white. Mr. Scott, 
who describes his own case in the Philosophical Transactions, 
mistook pink for a pale blue^ and a full rerf for a full ^reen. 

All kinds of yellows and blues, except sky blue, he could 
discern with great nicety. Hia father, his maternal uncle, 
one of his-sisters, and her two sons, had all the same defect. 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the solar spectrum as consisting only ofyeU 
low and light blue ; and he could distinguish with certainty 
only yeUowy whitey and green. He regarded indigo and Prus- 
sian blue as black. 

Mr. R. Tucker describes the colors of the spectrum as fol- 
lows : — 



Red mistaken for Brown. 

"Orange - - J| - Green. 

Yellow sometimes Orange. 

Green - - - - Orange. 



Blue sometimes Pink. 
Indigo - - -^ Purple. 
Violet - - - Purple. 



A gentleman in the prime of life, whose case I had occasion 
to examine, saw only two colors in the spectrum, viz. yellow 
and blue. When the middle of the red space was ab^rbed 
by a blue glass, he saw the black space, with what he called 
the yellow, on each side of it . This defect in the perception 
of color was experienced by the late Mr. Dugald Stewart, 
who could not perceive any difference in the color of the scar- 
let fruit of the Siberian crab and that of its leaves. Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solar spectrum the red is scarcely visible, the rest of it 
appe.aring to consist of two colors. Mr. IVoughton has the 
same defect, and is capable of fully appreciating only bli^ and 
yellow colors ; and when he names colors, the names of blue 
and yellow correspond to the more and less refrangible rays, 
all those which belong to the former exciting the sensation of 
blueness, and those which belong to the latter the sensation of 
yellowness. 

In almost all these cases, the different prismatic colors have 
the power of exciting the sensation of light, and giving a dis- 
tinct vision of objecte, excepting in the case of Mr. DalUxi, 
who is said to be scarcely able to see the red extremity of the 
spectrum. 

Mr Dalton has endeavored to explain this peculiarity of 
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vision by supposing that in his own caserthQ vitreous' ftumor is 
blue, and, therefore, absorbs a great portion of the red rays 
and other least refrangible rays ; but this opinion is, we think, 
not well founded. Mr. Herschel attributes this state of vision 
to a defect in the sensorium, by which it is rendered inccq3abte 
of appreciating exactly those differences between rays on 
which their color depends.* 



PART IV. 



ON OPTICAL INSTRUMENTS. 

All the optical instruments now in use have, with the ex- 
ception of the burning mirrors of Archimedes, been invented 
by modem philosophers and opticians. The principles upon 
which most of them have been constructed have already been 
explained, in the preceding chapters, and we shall therefore 
confine ourselves, as much as possible, to a general account of 
their construction and properties. 

CHAP. XXXVIL 

ON PLANE AND CURVED MIRaORS. 

(179.) One of the simplest optical instruments is the single 
plane mirror, or looking-glass, which consists of a plate of 
glass with parallel surfaces, one of which is covered with tin- 
mil and quicksilver. The glass performs no other part in this 
kind of plane mirror than that of holding and giving a polished 
surface to the thin bright film of metal which is extended over 
it If the surfaces of the plate of glass are not parallel, we 
shall see two, three, and four images of all luminous objects 
seen obliquely ; but even when the surfaces are parallel, two 
images of an object are formed, one reflected from the first 
surface of glass, and the other from the posterior surface of 
metal ; and the distance of these images will increase with 
the thickness of the glass. The image reflected from the 
fflass is, however, very faint comparied with the other ; so that 
for ordinary purposes a plane glass mirror is sufficiently ac- 
curate ; but when a plane mirror forms a part of an optical 

. * For the theory recently advanced by Sir David Brewster to explain 
these cases, see Note IX. of Am. ed. 




X TRBATI8E OK OPTICS. PART IV. 

instrument where accuracy of vision is required, it must be 
made of steel, or silver, or of a mixture of copper and tin ; 
and in this case it is called a speculum. The formation of 
images by mirrors and specula has been fully described in 
Chap. II. 

Kaleidoscope, 

(180.) When two plane mirrors are combined in a particu- 
lar manner, and placed in a particular position relative to an 
object, or series of objects, and the eye, they constitute tlie 
kaleidoscope, or instrument for creating and exhibiting 
beautiful forms. If A C, B C, for example, be sections of two 
plane mirrors, and M N an object placed between them or in 
Fig. 143. front of each, the mirror A C will form 

behind it an image m w of the object M N, 
in the manner shown in Jig. 16. In like 
manner, the mirror B C will form an 
image M' N' behind it But, as we have 
formerly shown, these images may be con- 
sidered as new objects, and therefore the 
mirror A C will form behind it an image, 
M" N*', of the object or image M' N', and 
B C will form behind it an image, m' n', of the object or image 
mn. In like manner it will be found that m"n" will be the 
image of the object or image M" N", formed by B C, and of 
the object or image m' n', formed by A C. Hence m" n" will 
actually consist of two images overlapping each other and 
forming one, provided the angle A C B is exactly 60°, or the 
sixth part of a circumference of 360°. In tfiis case all the 
six images (two of the six forming only one, wi"n",) will, 
along with the original object, M N, form a pertect equilateral 
triangle. The object, M N, is drawn perpendicular to the 
mirror B C, in consequence of which M N and M' N' form 
one straight line ; but if M N is moved, all the images will 
move, and the figure of all the images combined will form 
another figure of perfect regularity, and exhibiting the most 
beautiful variations, all of which may be drawn by the methods 
already described. In reference to the multiplication and ar- 
rangement of the images, this is the principle of the kaleido- 
scope ; but the principle of symmetry, which is essential to the 
instrument, depends on the position of the object and the eye. 
This principle will be understood from/^. 144., where ACE 
and B C E represent the two mirrors inclined at an angle 
A C B, and having C E for their line of junction, or common 
intersection. If the object is placed at a distance, as at M N, 
then tliere is no position of the eye at or above E which wil3 
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give a symmetrical arrangement of the six images shown in 
fig, 143.,; for the corresponding parts of the one will nevei 

Fig. lAi 

AH 




join the corresponding parts of the other. As the object is 
brought nearer and nearer, the symmetry increases, and is 
most complete when the object M N is quite close to A B C, 
the ends of the reflectors, but even here it will not be per- 
fect, unless the eye is placed as near as possible to E, the line 
of junction of the reflectors. The followmg, therefore, are the 
three conditions of symmetry in the kaleidoscope : — 

1. That the reflectors sliould be placed at an angle which 
is an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors ; or an even aliquot part of a circle, when the object is 
irregular. 

2. That out of an infinite number of positions for the object 
both within and without the reflectors, there is only one posi- 
tion where perfect symmetry can be obtained, namely, by 
placing the object in contact with^the ends of the reflectors, or 
between them. 

3. That out of an infinite number of positions for the situa- 
tion of the eye, there is only one where the symmetry is per- 
fect, namely, as near as possible to the angular point, so that 
the whole of the circular field can be distinctly seen ; and this 
point is the only one at which the uniformity of the reflected 
light is greatest 

In order to give variety to the figures formed by the instru- 
ment, the objects, consisting of pieces of colored glass, twisted 
glass of various curvatures, &c., are placed in a narrow cell 
between two circular pieces of ^lass, leaving them just room 
to move about, while this cell is turned round by the hand. 
The pictures tlius presented to the eye are beyond all descrip- 
tion splendid and beautiful ; an endless variety of symmetrical 
combinafions presenting themselves to view, and never again 
recurring with the same form and color. 

For the purpose of extending the power of the Instrument, 
and introducing into symmetrical pictures external objects, 
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whether animate or inanimate, I applied a convex lens, L L, 
J^. 144., by means of which an inverted ima^ of a distant 
object, M N, mav be formed at the very extremity of the mir- 
rors, and therefore brought into a position of greater sym- 
metry than can be effected in any other M^y. In Siis construc- 
tion the lens is placed in one tube and the reflectors in an- 
other ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animals, 
■ pictures, busts, may be introduced into symmetrical combina- 
tions. When the distance E B is less than that at which the 
eye sees objects distinctly, it is necessary to place a convex 
lens at E, to give distinct vision of the objects in the picture. 
See my Treatise on the Kaleidoscope. 

Plane burning Mirrors 

(181.) A combination of plane burning mirrors forms a pow- 
erful burning instrument; and it is highly probable that it was 
with such a combination that Archimedes destroyed the ships 
of Marcelius. Athanasius Kircher, who first proved the effi- 
cacy of a union of plane mirrors, went with his pupil Scheiner 
to Syracuse, to examine the position of the hostile fleet ; and 
they were both satisfied that the ships of Marcelius could- not 
have been more than thirtif paces distant from Archimedes. 

Buf&n constructed a burning apparatus upon this principle, 
which may be easily explained. If we reflect the li^ht of the 
sun upon one cheek by a small piece of plane looking-g^lass, 
we shall experience a sensation of heat less than if the direct 
light of the sun fell upon it If with the other hand we re- 
flect the sun's light upon the same cheek with another piece 
of mirror, the warmth will be increased, and so on, till with 
five or six pieces we can no longer endure the heat Buflbn 
oombioed 16^ pieces of mirror, 6 inches by 8, so that he could, 
by a little mechanism connected with each, cause them to 
reflect the light of the sun upon one spot Those pieces of 
glass were selected which gave the smallest image of the sun 
at 250 feet 

The following were the effects produced by different num- 
bers of these mirrors :— 



Small combustibles inflamed. 
Beech plank burned. 
Tarred beech plank inflamed. 
Pewter flask 61b. weight melted. 
Tarred and sulphured plank set on fire. 



mo. at 

Mirrazv. 


Ottiect. 


12 


20 feet 


21 


20 


40 


66 


45 


20 


98 


126 



CHAP 


. XXXVII. 


• Ve.or 


■DWanoeof 


Iflrron. 


Olwect. 


lis 


138 


117 


20 
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150 


154 


250 


224 


40 
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Eflkct produced. 

Plank covered with wool set on fire. 
Some thin pieces of silver melted. 
Tarred fir plank set on fire. 
Beech plank sulphured inflamed violently. 
Tarred plank smoked violently. 

i Chips of fir deal sulphured and mixed witlr 
charcoal set on fire. 
Plates of diver melted. ^ 

As it is difficult to adjust the mirrors while the sun changes 
his place, M. Peyrard proposes to produce great eflTects by 
mounting each mirror in a separate frame, carrying a tele- 
. scope, by means of which one person can direct the reflected 
rays to Uie object which is to be burned. He conceives that 
^ with 590 glasses, about 20 inches in diameter, he could reduce 
a fleet to ashes at the distance of a quarter of a league, and 
with glasses of double that size at the distance of half a 
league. 

Plane glass mirrors have been combined permanently into a 
parabolic form, for the purpose of burning objects placed in 
the focus of the parabola, by the sun's rays; and the same 
combination has b^en used, and is still in use, for lighthouse 
reflectors, the light being placed in the focus of the parabda. 

Convex and Concave Mirrors. 

(182.) The general properties of convex and concave miiw 
rors have been already described in Chap. II. Convex mirrors 
are used principally as household ornaments, and are charac- 
terized by their property of forming erect and diminished 
images of all objects placed before them, and these images ap- 
pear to be situated behind the mirror. 

Concave mirrors are distinguished by their property of 
forming in front of them, and in the air, inverted images of 
erect objects, or erect images of inverted objects, placed at 
some distance beyond their principal focus. If a fine trans- 
parent cloud of blue smoke is raised, by means of a chafing- 
dish, around the focus of a large concave mirror, the image of 
any highly illuminated object will be depicted, in the middle 
of it, with great beauty. A skull concealed from the observer 
is sometimes used, to surprise the ignorant ; and when a dish 
of fruit lias been depicted in a similar manner, a spectator, 
stretching out his hand to seize it, is met with the image of a 
drawn dagger, which has been quickly substituted for the fruit 
at the other conjugate focus of the mirror 
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Concave mirrors have been used as lighthouse reflectoii^ 
and as burning instruments. When used m lighthouses, they 
are formed of plates of copper plated with suver, and thev 
are hammered into a parabolic form, and then polished with 
the hand. A lamp placed in the focus of the parabola will 
have its divergent light thrown, after reflexion, into something 
like a parallel beam, which will retain its intensity at a great 
distance. 

^ When concave mirrors arenised for burning, they are gene- 
rally made spherical, and regularly ground and polished upon 
a tool, like the specula used in telescopes. The most cele- 
brated of these were made by M. Villele, pf Lyons, who exe- 
cuted five large onea One of the best of them* which con- 
sisted of copper and tin, was very nearly four feet in diameter, 
and its focal length thirty-eight inches. It melted a piece of 
Pompey*s pillar in fifty seconds, a silver sixpence in seven 
seconds and a half, a halfpenny in sixteen seconds, cast-iron 
in sixteen seconds, slate in three seconds, and thin tile in four 
seconds. 

Cylindrical Mirrors 

(183.) All olijects seen by reflexion in a cylindrical mirror 
are necessarily distorted. If an observer looks into such a 
mirror with its axis standing vertically, he will see the image 
of his head of the same length as the original, because the 
surface of the mirror is a straight line in a vertical direction. 
The breadth of the face will be greatly contracted in a hori- 
zontal direction, because the surface is very convex in that 
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direction, and in intermediate direptions the head will have 
intermediate breadths. If the axis of the mirror is held hori- . 
zontally, the face will be as broad as life, and exceedingly 
short If a picture or portrait M N is laid down horizontsdly 
before the mirror A Bfjig. 145., the reflected image of it will 
be higlily distorted ; but the picture may be drawn distorted 
accoraing to regular laws, so that its image shall have the 
most correct proportions. 

Cylindrical mirrors, which are now very -uncommon, rrssd 
to be made roi this purpose, and v'cre accompanied with a 
series of distorted figures, which, when seen by the eye, have 
neither shape nor meaning, but when laid down before a cylin- 
drical mirrcgr, the reflected image of them has the most per- 
fect proportions. This efiect is shown in fig. 145., where 
M N is a distorted figure, whose image in the mirror A B has 
the appearance of a regular portrait 



CHAP. XXXVIII. 

ON SINGLE AJm COMPOUND LENSES 

Spectacles and reading glasses are among the simplest and 
most useful of optical instruments. In order to enable a per- 
son who has imperfect vision to see small objects distinctly, 
when they are not far from the eye, such as small manuscript, 
or small type, a ctmvex lens of very short focus must be used 
both by those who are long and short sighted. 

When a short-sighted person, who cannot see well at a dis- 
tance, wishes to have distinct vision at any particular distance, 
he must use a concave lens, whose focal length will be found 
thus, — Multiply the distance at which he sees objects most 
distinctly by the distance at which he wishes to see them dis- 
tinctly with a concave lens, and divioe this product by the 
diflTerence of the above distances. 

A long-sighted person, who cannot see near objects distinctly, 
must use a convex lens^ whose focal length is found by the 
preceding rule. 

In chooang spectacles, however, the best way is to select, 
out of a number, those which are found to answer best the 
purposes for which they are particularly intended. 

Dr. Wollaston introduced a new kind of spectacles, called 
periscopict from their property of giving a wider field of dis- 
tinct vision than the common ones. The lenses used for this 
purpose, as shown at H and I, fig, 19t, are meniscuses, in 
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which the convexity predominates, for longHedghted persons, 
and concavo-convex lenses, in which the concavity predomi- 
nates, for short-sighted nersons. Periscopic spectacles de- 
cidedly give more imperfect visicHi than common spectacles, 
because they increase both the aberration of figure and of 
color ; but they may be of use in a crowded city, in warning 
us of the oblique approach of objects. 

Burning and Illuminating Lensew. 

(184.) Convex lenses possess peculiar advantages fbr cob 
centrating the sun's rays, and for conveying to an immense- 
distance a condensed and parallel beam of light. M. Bufibn 
found that a convex lens, with a long focal length, was prefer- 
able to one of a short focal length for fusing metals by thr 
concentration of the sun's rays. A lens, for example, 2Si 
inches in diameter and 6 inches in focal length, with the di- 
ameter of its focus 8 lines, melted copper in less than a 
minute ; while a small lens 82 lines in diameter, with a focal 
length of 6 lines, and its focus f of a line, was scarcely capa- 
ble of heating copper. 

The most perfect burning lens ever constructed was exe- 
cuted by Mr. Parker, of Fleet Street, at an expense of 700/. 
It was made of flint glass, was three feet in diameter, and 
weighed 212 pounds. It was 3^ inches thick at the centre ; 
the focal distance was 6 feet 8 inches, and the diameter of the 
imaffe of the sun in its focus one inch. The rays refiUcted 
by the lens were received on a second lens, in whose focus the 
objects to be fused were placed. This second lens had an ex- 
posed diameter of 13 inches; its central thickness was 1| of 
an inch ; the length of its focus was 2d inche& The diameter 
of the focal imi^e was | of an inch. Its weight was 21 
pounds. The combined focal length of the two lenses was 5 
feet 3 inches, and the diameter of the focal image 4 an inch. 
"Bf means of this powerful burning lens, platinum, gold, silver, 
copper, tin, quartz, agate, jasper, flint, topaz, gam^ asbestos, 
&c. were melted in a few seconds. 

Various causes have prevented philosophers from construct- 
ing burning lenses <^ gfreater magnitude than that made by 
Mr. Parker. The impossibility of procuring pure flint glass 
tderably free from veins and impurities for a large solid lens ; 
the trouble and expenser of casting it into a lenticular form 
without flaws and impurities ; the great increase of cenlMil 
thickness which becomes necessary by increasing the diameter 
of the lens ; the enormous obstruction that is thus opposed to 
the transmission of the solar rays, and the increased abeiv 
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ration which dissipates the rays at the focal point, are insuperw 
able obstacles to the construction of solid lenses of any con- 
siderable size. 

(185.) la order to improve a solid lens formed of one piece 
of glass, whose section isAm/^BEDA, Bufibn proposed to 
cut out all, the glass left white in the figure, viz. the portions 
between fnp,fig, 146., and n o, and between no and the left 
jw*. lUL hand surface of D E. A lens thus constructed would 
be mcomparably superior to the solid one A mp B £ 
DA; but such a process we conceive to be imprac- 
ticable on a large scale, from the extreme difficulty 
^ -of polishing the surfaces Am, Bp, C n, F'o, and 
/ *nP ^^^ ^®^ h*"*^ surface of D E ; and even if- it were 
practicable, the greatest imperfections in the glass 
might happen to occur in the parts which are left 
In order to remove these imperfections, and to 
p'^F construct lenses of any size, I proposed, in 1811, to 
^ build them up of separate zones or rings, each of 
^ ^ which rmofs was again to be composed of separate 
segments, as shown m the front view of the lens in fig, 147. 
This .lens is composed of one central lens, A B C D, corre- 
sponding with its section D E in fig, 146., of a middle ring 
j!^^. 147. G E L I corresponding to C D E F in 

fig. 146., and consisting of five seg- 
ments; and another ring, N P R T, 
corresponding to A C F B, and con- 
sisting of eight segments. 

The preceding construction obvi- 
* ously puts it in our power to execute 
these compound lenses, to which I 
have given the name of polyzonal 
lenses, of pure flint glass free from 
veins; but it possesses another great 
advantage, namely, that of enabling 
us to correct, very nearly, the spherical aberration, by making 
the foci of each zone coincide. 

One of these lenses was constructed, under my direction, 
for the- Commissioners of Northern Lighthouses, by Messrs, 
W. and P. Gilbert It was made of pure flint glass, was 
three feet in diameter, and consisted of many zones and seg- 
ments. ' Lenses of this kind have been made in France of 
crown glass, and have been introduced into the principal 
French lighthouses; a purpose to which they are mfinitely 
better adapted than the best constructed parabolic reflectors 
* made of metal. 

A polyzonal lens of at least four feet in dknueter will be 
X2 
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speedily executed as a bitniiiig'-glaaB,. and will, no doobt, be 
the most powerfol ever made. The means of executing it 
have been, to a considerable degree, supplied by the scientific 
liberality of Mr. Swinton and mSt. Calder^ and other gentlemen 
of Calcutta. 



CHAP. XXXIX. 

Oir SIMFLS AND COMPOVKD VKnOKk 

Prigmatic Lenses, 

(186.) T^ general properties c^ tiie prism in refracting < 
and decomposing light have already been explained ; but it9 
application as an optical instnimeDt, or as am important part of 
optical instruments, remains to be described. 

A rectangular prism, ABC, fig, 146., was first applied by 
Sir Isaac Newton as a j^ane mirror for refiecting to a ade the 
rays which form the image in reflecting teleseopea The 




angles, B A C, B C A, bei^ each 45^^ and B a right angles 
rays fallii^ on the &ce A B will be reflected by the back sur* 
face B C as if it were a plane metallic mirror ; for whatever 
be the refraction which they suffer at their entrance into the 
fiice A B, they will suffer an equal and c^)posite one at the* 
fece BC. The ereat value of such a mirror is, that as the 
incident rays fall upon A C at an angle greater than that at 
which total reflexion commences^ tke^ ttml all suffer total re- 
flexion^ and not a ray will be lost ; whereas in the best me- 
tallic speculum nearly half the light is lost A portion of 
light, however, is lost by reflexion at the two surfaces A By 
B C, and a small portion by the absorption of the glass itselfl 
Sir Isaac Newton also • prqiosed ^he-emnex prisma shown at 
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D E F, the faces D F, F E being ground convex. An analo- 
gous prism, called the meniscus prism, and shown at 6 H I, 
^ has been used by M. Chevalier, of Paris, for the camera ob- 

scura. It differs only from Newton's in the second lace, I H, 
being concave in place of convex. 

On account of the difficult execution of these prisms, I have 
proposed to use a hemispherical lens, L M N, the two convex 
surfaces of which are ground at the same time. When a . 
longer focus is required, a concave lens, R Q, of a longer focus 
than the hemisphere P R Q, may be placed or cemented on 
its lower surface, and if the concave lens is formed out of a 
substance of a different dispersive power, it may be made to 
correct the color of the convex lens. 

. A single prism is used with peculiar advantage for inverting 
pencils of light, or for obtaining an erect ima^e from pencils 
that would give an inverted one. This effect is shown in fig-, 
149., where A B C is a rectangular prism, and R R' R" a par- 
allel pencil of light, which, after being refracted at the points 




t « C 

1, 2, 3, of the face A B, and reflected atthe pcnnts a, bi c, of 
the base B C, wili- be again refracted at the points 1, 2, 3, of 
the face A C, and move on in parallel lines, 3r", 2r', Ir; the 
ray R I, that was uppermost, being now undermost, as at 1 r. 

Compound and Variable Prisms, 

(187.) The great Tiifficnlty of obtaining gkss sufflcienlly 
pure fbr a prism of any size, has rendered it extremely diffi- 
cult to procure good ones ; and they have therefore not been 
introduced as they would otherwise have been into optical in- 
struments. The principle upon which polyzonal lenses are 
constructed is equally applicable to piisms. A prism con- 
structed like A 'D,Jig. 150., if properly executed, would have 
exactly the same properties as A B G, and v<7ould be incom- 
parably superior to it, from the light passing through such a 
small thicknesB of glass. It would obviously be difficult to exe- 
cute such a pristn:a» A D cut of a sbigle pieced^ giaai^ though 
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it is quite practicable ; but there is no difficult^ in combining 
six small prisms all cut out of one prismatic rod, anc^ therefore 




necessarily similar. The summit of the rod should have a 
flat narrow &ce parallel to its base, which would be easily 
done if the prismatic rod were cut out of a plate of thick par- 
allel glass. The separate prisms being cemented to one an- 
other, as in the figure, will form a compound prism, which 
will be superior to 3ie common prism for all purposes in which 
it acts solely by refraction. 

(188.) A compound prism of a different kind, and having a 
vu*iable angle, was proposed by Boscovich, as shown in fi^. 
151., where A B C is a hemispherical convex lens, moving m 
a concave lens, DEC, of the same curvature. By turning 

Fig, 151. 




one of the lenses round upon the other, the inclination of the 
faces AB,DE,orAB,CE, may be made to vary from 0^ to 
above 90°. 

(189.) As this apparatus is both troublesome to execute and 
difficult to use, I have employed an entirely different principle 
for the construction of a variable prism, and have use«[ it to a 
great extent in numerous experiments on the dispersive pow- 
ers of bodies. If we produce a vertical line of light by nearly 
closing the. window-shutters, and view the line with a flint 
glass prism whose refracting angle is 60S the edge of the re- 
n^cting angle being held vertical, or parallel to the Ime of 
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light,, the luminous line will be seen as a brightly coloreflb 
spectrum, and any small portion of it will resemble almost eX" 
actly the solar spectrum. If we now turn the prism in the 
plane of one of its refracting faces, so that the inclination of 
the edge to the line of light increases gradually from 0^ up to 
90° when it is perpendicular to the line of light, the spectrun* 
will gradually grow less and less colored, exactly as if it were 
formed by a prism of a less and less refracting angle, till at ah 
inclination of 90° not a trace of color is left. By this simple 
process, therefore, namely, by using a line of light instead of 
a circular disc, we have produced the very same effect as if 
the re&acting angle of the prism bad been varied from 90° 
down to 0°. 

(190.) Let it now be required to determine the relative dis- 
persive powers c^ flint glass and crown glass. Pla<ce the 
Grown glass prism so as to produce the largest spectrum from 
the line of white light, aiid let the refracting angle of the 
prism be 40°. Then place the flint glass prism tetween it' 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown glass prism, or till the 
line of light is perfectly colorless. The inclination of the 
edge of the flint glass prism to the line of light being known, 
we can easily find, by a simple formula the an^le of a prism 
of flint glass which corrects the color of a prism of crown 
glass with a re&acting angle of 40°. See my Treatise on 
New Philosophical Instruments, p. 291. 

Multiplying Glass, 

(191.^ This lens is more amusing than useful, and is intend- 
ed to give a number of images of the same object Though 
it has the circular form of a lex», it is nothing more than a 

Fig. 152 
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munber ci priflins formed by grinding various flat faces on the 
convex surrace of a plano-convex glSas, as shown in Jig. 152.. 
where A B is the section <^ a multiplying glass in which onlv» 
three of the planes are seen. A direct image of the object 
C will be seen through the face 6 H, by the eye at £ ; an- 
other image will be seen at D, by the refraction of the face 
H B, and a third at F, by the refraction of the &ce A G, an i 

image being seen througn every plane &ce that is cut upon "^ 

the lens. The image at C wilL be colorless, and all those } 

formed by planes inclined to A B will be colored in proportion 
to the angles which the planes form with A B. 

Naturd multiplying glasses may be found among trans- 
parent minerals which are crossed with veins oppositely crys- 
tallized, even though they are ground into plates with parallel 
facea In some specimens of Iceland spar more than a hun- 
dred finely cdored images may be seen at once. The theory 
of such multiplying ghsses has already been explained in 
Chap. XXIX. 



CHAP. XL. 

ON THB CAMERA OOSCVRA, MAGIC LANTEBN, AlID 
CAMERA LUCIDA. 

(192.) The camera obscure^ or dark chamber, is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista Porta. In its original state it is nothing 
more than a dark room with an opening in the window-shutter, 
in which is placed a convex lens of one or more feet focal 
length.' If a sheet of white paper is held perpendicularlv be- 
hind the lens, and passing through its focus, there will be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will appear to 
move in the wind, and all living objects to display the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every person, however oflen they may have seen it 
The image is of course inverted, but if we look over the top 
of the paper it will be seen as if it were erect The ground 
on which the picture is received should be hollow, and part of 
' a sphere whose radius is the focal distance of the convex lens. 
It is customary, therefore, to make, it of the whitest plaster ot 
Paris, with as smooth and accurate a surface as possible. 

In order to exhibit the picture to severa) spectators at once, 
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and to enable any person to copy it, it is desirable tbat the 
image should be formed upon a horizontal table. This may 
be done by means of a metallic mirror, placed at an angle of 
45^ to the refracted rays, which will reflect the picture upon 
the white ground lying horizontally ; or, as in the portable 
camera ob^ura, it may be reflected upwards by the mirror, 
and received on the lower side of a plate of ground glass, with 
its rough side uppermost, upon which the pictufe may lie 
copied with a fine sharp-pointed pencil 

A very convenient portable camera obscura for drawing 
landscapes or other objects is shown in fig, 153., where' A B 
is a meniscus lens, with its concave side uppermost, and the 
j^, 153, radius of its convex surface being 

to the radius of its concave sur- 

^t &ce as 5 to 8, and C D a plane 

5j^ metallic speculum inclined at an 

.^ 'a IC^ »n angle of 45° to the horizon, so as 

to reflect the landscape downwards 
through the lens A B. The 
draughtsman introduces his head 
through an opening in one side, 
and his hand M^th the pencil 
through another opening, made in 
such a manner as tx) allow no light 
to fall upon the picture which is 
exhibited on the paper at E P. 

The tube containing the mirror 

S' and lens can be turned round by a 
rod within, and the inclination of the mirror changed, so as to 
introduce objects in any part of the horizon. 

When the camera is intended for public exhibition, it con- 
sists of the same parts similarly arranged ; but they are in 
this case placed on the top of a building, and the rotation of 
the mirror, and its motion in a vertical plane, are efiected by 
turning two rods within the reach of the spectator, so that he 
can introduce any object into the picture from all points of the 
compass and at all distances. The picture is received on a 
table, whose surface is' made of stucco, and of the same radius 
as the lens, and this surface is made to rise and fall to accom- 
modate it to the change of focus produced by objects at dif' 
ferent distances. A camera obscura which throws the image 
down upon a horizontal surface may be made without any 
mirror, by using any of the lenticular prisms D E F, G H I, 
M L N, when the objects are extremely near, and P R Q,^^. 
148. The convex sur&ces of these prisms converge the rays 
which are. reflected to their focus by the flat fiices D If, G H, 
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LN, and P Q; tbaie lenticoter prioDs may be formed by ce- 
meatio^ plaixMxnvez or concave lenaes on the faces A B, B C 
of the rectangrolar pnsm A fi C, or the convex lens may be 
placed near to A & 

If we wish to Ibrm an erect image on a vertical plane, the 
prism ABC, J^. 148L, may be piaced in front of the convex 
Iens» or immedmtely behind it The same eiS^t might be 
produced by three reflexions from three mirrors or specula. 

I have found that a peculiarly brilliant efl^t is given to the 
images formed in the camera obscura when they are received 
upon the silvered back of a looking-glass, smoothed by grind- 
ing it with a flat and soft hone, hk the portable camera ob- 
flcura I find that a film of skimmed milk, dried upon a plate of 
glass, is superior to ground glass for the reception of images. 

A modification of the camera obscura, called the megascope, 
is int^ided for taking magnified drawings of small objects 
placed near the len& In this case, the distance of the image 
behind the lens is greater than the distimce of the object ^ 
fore it By altering the distance of the object, the size of the 
image may be reduced or enlarged. The hemispherical lens 
L M N,^. 148., is particularly adapted for the megascope. 



Magic Lantern. 

(193.) The magic lantern, an invention of Eircher, is 
shown mfig. 154., where L is a lamp with a powerfiil Xrgand 
burner, placed in a dark lantern. On one side of the lantern 
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k a concave mirror M N, the vertex of which is opposite to 
the centre of the flame, which is placed in its focus. In the 
opposite side of the lantern is fixed a tube A B, containing a 
nemispherical illuminating lens A, and a convex leaaa B; be>' 
t^een A and B the dicuoeter of the tube is increased & the 
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purpose of allowing^ sliders to be introduced through the slit 
C D. These sliders contain 4 or 5 pictures, each painted and 
highly colored with transparent varnishes, and, by sliding 
them through C D, any of the subjects may be introduced into 
the axis of the tube and between the two lenses A, R The 
light of the lamp L, increased b^ the light reflected from the 
mirror falling upon the lens A, is concentrated by it upon the 
picture in the slider ; and this picture, being in one of the 
conjugate foci of the lens B, an enlarged image of it will be 
paintSl on a white cloth, or oi\ a screen of white paper, E, 
standing or suspended perpendicularly. The distance of the 
lens B from the object or the slider may be increased or dimin- 
ished by pulling out or pushing in the tube By- so that a distinct 
picture of the object may be formed of any size and at any 
distance from B, within moderate limits. If the screen E F is 
made of fine serai-transparent silver paper, or fine muslin 
properly prepared, the image may be dbtinctly seen by a spec- 
tator on the other side of the screen. 

(194.) The phantasmagoria is nothing more than a magic 
lantern, in which the images are received on a transparent 
screen, which is fixed in view of the spectator. The magic 
lantern, mounted upon wheels, is made to recede from or ap- , 
proach to the screen ; the consequence of which is, that the ' 
picture on the screen expands to a gigantic size, or contracts 
mto an invisible' object or mere luminous spot The lens B is 
made to recede from the slider in C D when the lantern ap- 
proaches the screen, and to approach to it when the lantern 
recedes from the screen, in order that the picture tipon the 
screen may always be distinct. This may be accomplished, 
according to Dr. Young, by jointed rods or levers, connected 
with the screen, which pull out or push in the tube B ; but 
we are of opinion that the required effect may be much more 
elegantly and efficaciously produced by the simplest piece of 
mechanism connected with the wheels. 



Camera Ludda, 

(195.) This mstrnment, invented by Dr. WoUaston in 1807, 
has come into very general use for drawing landscapes, de- 
lineating objects of natural history, and copying and reducing 
drawings. 

Dr. Wollaston's form of the instrument is shown in j^. 
155., where A B C D is a glass prism, the angle BAD being 
90°, ADC 67i°, and D C B 135°. The rays proceeding fi-bin 
any object, M N, after being reflected by the feces D 6, C.3 
.0 the eye, £, placed above the angle B, the observer will see 
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an image m n of the object M N projected upon a piece of 
paper at mn. If the eye is now brought down close to the 



Fig. 155. 






angle B, so that it at the same time sees into the prism with 
one-half of the pupil, and past the angle B with the other half, 
It will obtain distinct vision of the image m n, and also see the 
paper and the point of the pencil. The draughtsman has, 
therefore^ only to trace the outline of the image upon the 
paper, the image being seen with half of the pupil, and the 
paper and pencil with the other half. 

Many persons have acquired the art of using this instru- 
ment with great fecility, while others have entirely failed. In 
examining the causes of this failure, professor Amici, of Mo- 
dena, succeeded in removing them, and has proposed various 
forms of the instrument free fix)m the defects of Dr. Wollas- 
fon's.* The one which M. Amici thinks the best is ^own in 

Fiff. 156. 
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fig, 156., where A B C D is a piece of thick iwiralld glaa% 
F G H C a metallic mirror, whose fece, P G, is highly poliiah- 
ed, and inclined 45^ to B C. Bays from an object, M N, after 
passinff through the glass A B (5 D, are reflected from P G, 
and anerwards from the &ce B C of the glass plate to the eye 
at E, by^ which the object, M N, is seen at m ?i, where the 
paper is placed. The pencil and the paper are readily seen 
through the plane glass A B C D. In order to make the two 
feces of the glass, AD, B C, perfectly parallel, M. Amici 
' forms a triangular prism of glass, and cuts it through the 
middle ; he then joins the two prisms or halves, A D C, C A B» 
so as to ferm a parallel plate, and by slightly turning round 
the prisms, he can easily find the position in which the two 
feces are perfectly parallel. 



CHAP. XLL 

ON MICROSCOPBS. 

. A MicEOSooPV is an optical instrument for magnifying and 
examining minute objects. Jansen and Drebell are supposed 
to have separately invented the single microscope, and Pon- 
tana and Galileo seem to have been the first who constructed 
tlie instrument in its compound form. 

Single Microscope. 

(196.) The single microscope is nothing more than a lens 
or sphere of any transparent substance, in the fi)cus of which 
minute objects are placed. The rays which issue from each 
point of the object are refracted by the lens into parallel rays, 
which, entering the eye placed immediately behind the lens, 
afford distinct vision of the object The magnifying power 
of all such microscopes is equal to the distance at which we 
could examine the object most distinctly, divided by the focal 
length of the lens or sphere. If this distance is 5 inches^ 
which it does not exceed in good eyes when they examine mi- 
nute objects, then the magutfying power of each lens will bo 
as follows : — 

Fooal lengtb ia Uonr magnifyiag >nperfieial magnUyiiic 

iachea. power. po««r. 

5 1 I 

1 5 25 

A 50 2500 

4r 500 250000 
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The linear magnifying power is the number of time^ an 
oibject is magnified in length, and the superficial magnifying 
power is the number of times that it is magnified in sur&ce. 
If the object is a small square, then a lens of one inch fucua 
will magnify the side of the square 5 times, and its area or 
surfiice 25 timea 

The best single microscopes are minute lenses ground and 
polished on a concave tool ; but as tlie perfect execution of 
these requires considerable skill, small sj^eres have been often 
constructed as substitutea Dr. Hooke executed these spheren 
in tne following manner : having drawn out a thin strip of 
window-glass iqto threads by the flame of a lamp, he held one 
of >these threads with its extremity in or near the fiame, till it 
ran into a globule. The globule was then cut ofiT and placed 
above a small aperture, so that none of the rays which it 
transmitted passed through the part where it was joined to the 
thread of glasEs. He sometimes ground off the end of the 
thread, and polished that 'part of the sphere. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcined tripoli, and remelting them 
with the blowpipe ; the consequence of which was, that they 
assumed a perfectly spherical fbrm, Mr. Butterfield executed 
similar spheres by taking upon the wetted point of a needle 
some finely pounded glass, and melting it by a spirit lamp into 
a globule. If the part next the neeSe was not melted, the 
globule was removed from the needle and taken up with the 
wetted needle on its round side, and again presented to the 
flame till it was a perfect sphere. M. Sivrighl, of Meg^getland, 
has made lenses by putting pieces of glass in small round 
apertures between the 10th and 20th of an inch, made in pla- 
tinum lea£ They were then melted by the blowpipe, so that 
the lenses were made and set at the same time. 

Mr. Stephen Gray made gtobules for microscopes by insert- 
ing drops of water m small aperturea I have made them in 
the same v^ray with oils and varnishes ; but the finest of all 
single microscopes may be executed by forming minute plano- 
convex lenses upon glass with difierent fluida 1 have also 
formed excellent microscopes by usmg the spherical crystal- 
line lenses of minnows and other smidl fish, and taking care 
that the axis of the lens is the axis of vision, or that me ob- 
server looks through the lens in the same manner that the fi^ 
did.* 

The most perfect single microscopes ever executed of solid 
substances are those made of the gems, such as garnet, ruby 

See Edinburgh Journml ^ Sei0nee, No. III. p. 96. 
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tofphire^ find diamond. The advantages of such leases I firsf 
pointed out in ipy Treatise on Philosophical Instruments^ 
and two lenses, one of ruby and another of garnet, were exe- 
cuted for me by Mr. Peter HilJ, optician in Edinburgh. These 
lenses performed admirably, in consequence of their producing, 
with surfaces of inferior curvature, the same magnifying 
power as a glass lens ; and the distinctness of the image was 
increased by their absorbing the extreme blue rays c^ the 
spectrum. Mr. Pritchard, of Lcmdon, has carried this branch 
of the art to the highest perfection, and has executed lenses 
of sapphire and diamond of great power and perfection of 
workmanship. 

When the diamond can be procured perfectly homogeneous 
and free from double refraction, it may be wrought into ,a lens 
of the highest excellence ; but the sapphire, which has double 
refraction, is less fitted fqr this purpose. Garnet is decidedly 
the best material for single lenses, as it has no double refrac- 
tion, and may be procured, with a little attention, perfectly 
' pure and homogeneous. I have now in my possession two 
garnet microscopes, executed by Mr. Adie, which far surpass 
every solid lens I have seen. Their focal length is between 
the 30th and the 50th of an inch. Mr. Veitch, of Inchbonny, 
has likewise executed some admirable garnet lenses out of a 
Greenland specimen of that mineral given to me by Sir Charley 
Giesecke. ^ 

(197.) A single microscope, which occurred to me some 
years ago, is shown in^^. 157., and consists in ^ new method 
of using a hemispherical lens so as to obtain from it twic<9 



the magnifying power which it jH)ssess€s when used in the 
common way. If A B C is a hemispherical lens, rays issuing 
from any object, R» wUl be refracted at the first sur&ce A (^ 
and, af^r total reflexion at the plane surface fi C, will be 
again refracted at the seccxid surface AB, and emerge in par* 
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illel directions d 6/, exactly in the same manner as if Hbef 
had not been reflected at the points a, 6, c, but had passed 
through the other half B A' C of a perfect sphere A B A' C« 
The object at R will therefore be magnified in the same man- 
ner, and will be seen with the same distinctness as if it had 
been seen through a sphere of glass A B A' C. We obtain, 
consequently, by this contrivance, all the advantages of a 
spherical lens, which we believe never has been executed by 
grinding. The periscopic principle, which will presently 
be mentioned, may be communicated to this catoptric lens, as 
it may be called, by merely grinding off the angles B C, or 
rough grinding an annular space on the plane surface B C. 
The confusion arising from the oblique refractions will thus 
be prevented, and the pencils from every part of the object 
will fall symmetrically upon the lens, and be symmetrically 
refracted. 

Before I had thought of this lens. Dr. Wollaston had pro- 
posed a method of improving lenses, which is shown in fig. 
Fig. 15a 1^« He introduced between two plano- 
convex lenses of equal size and radius, a 
plate of metal with a circular aperture equal 
to ^th of the focal length, and when the 
aperture was well centered, he found that 
the visible field was 20° in diameter. In 
this compound lens the oblique pencils pass, 
like the central ones, at right angles to the 
surface. If we compare fliis lens with the 
catoptric one above described, we shall see 
that the effect which is produced in the one 
with two spherical and two plane surfaces, all ground 
separately, is produced in the other case by one spheriwJ and 
one plane surface. 

(198.) The idea of Dr. Wollaston may, however, be im- 
proved in other ways, by filling up the central aperture with 

Fig. 159. * 





CRAF. XLI. COMPOUND MICROSOOPBS. 288 

a'cement of the same refractive power as the lenses, or, what 
is ftr better, by taking a sphere of glass and grinding away 
the equatorial parts, so as to limit the central aperture, as 
shown in fig, 159. ; a construction which, when executed in 
garnet, and used in hom(^eneous light, we conceive to be the 
most perfect of all lenses, either for single microscopes, or for 
the object lenses of compound ones. 

When a single microscope is used fos opaque objects, the 
lens is placed within a concave silver speculum, which con- 
centrates parallel or converging rays upon the face of the ob- 
ject nejrt the eye. 

Compound Microscopes, 

(199.) When a microscope consists of two or more lenses 
or speculaC, one of which forms an enlarged image of objects, 
while the rest magnify that image, it is called a compound 
microscope. The lenses, and the progress of the rays through 
them in such an instrument, are shown in fig. 160., where 
AB is the object glass, and C D the eye glass. An object, 

Fig. 160. 




M N, placed a little farther from A B than its principal focus, 
will have an enlarged image of itself formed at m n in an in- 
verted position. If this enlarged image is in the focus of an- 
other lens, C D, placed nearer the eye than in the figure, it 
will be again magnified, as if m n were an object The mag- 
nifying effect of the lens A B is found by dividmg the distance 
of the image m n firom the lens A B by the distance of the 
object from the same lens ; and the magnifying efiect of the 
e^e glass C D is found by the rule for single microscopes ; and 
these two numbers being multiplied together, will be the 
magnifying pOwer of the compound microscope. Thus, if M A 
is ^th of an mch, A n, 5 inches, and C n ^ an inch, (m n being 
supposed in the focus of C D,) the effect of the lens A B wiD 
be 20, and that of C D 10, and the whole power 200. A larger 
lens than anv of the other two, called the field glass, and 
shown at £ F, is generally placed between A B and the image 
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m n, for the purpose of enlarging the field of view. It has 
the effect of diminishing the magnifying power of the instru- 
«inent by forming a smdler image at v u, which is magnified 
by CD. 

The ingenuity of philosophers and of artists has been nearly 
exhausted in devising the best forms of object glasses and cf 
eye glasses for the compound microscope. Mr. Coddin^on 
has recommended four lenses to be employed in the eye piece 
of compound microscopes, as shown in Jig, 161. ; and along 
with these he uses, as an object glass, the sphere excavated at 

Fif. 161. 




the equator, as in Jig, 150., for the purpose of reducing the 
aberration and dispersion. ** With a sphere," says he, " prop- 
erly cut away at the centre, mSua to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
completely and most easily, as I have found in practice, the 
whole image is perfectly distinct, whatever extent of it be 
taken ; and the radius of curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
the other at least diminished td one-half. Besides all this, 
another advantage appears in practice;^to attend this construc- 
tion, which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted iato the eye, which, having passed without deviation 
through a lens, is bent by the eye, the vision is never free 
from the colored fringes produced by excentrical dispersion. 
Now, with the sphere I certainly do not perceive this defect, 
and I .therefore conceive that if it were possible to make the 
spherical glass on a very minute scale, it would be the most 
perfect simple microscope, except, perhaps. Dr. Wollaston's 
doublet * * * Now, the sphere has this advantage, thfit it i§ 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re- 
quired extent, and that, when combined with a proper eye 
piece, it may without difficulty be employed for opaque ob^ 
jects,"* * The difficulty of making the ^hericid glass on a 

. * CmMdgB TVttMMctMHM, 1830. 



CHAP. XLI. 



COMPOUND MICROSCOPEg. 



285 



Jl^. 163. 



very minute scale, whiclf Mr. Coddington here mentions, and 
which is by no means insurmountable, is, I conceive, entirely 
removed by substituting a hemisphere, as shown in fig. 157., 
and contracting the aperture in the manner there mentioned. 
Dr. Wollaston's microscopic doublet shown in^^. 162., con- 
sists of two plano-convex lenses m, n, 
with their plane sides turned towards 
the object Their focal lengths are as 
one to threcy and their distance from ly^ 
. to 1^ inch, the least convex being next 
the eye. The tube is about six inches 
long, havmg at its lower end, C D, a cir- 
cular perforation about -^^ of an inch in 
diameter ; through which light radiating 
from R is reflected by a plane mirror ab 
below it At the upper end of the tube 
is a plano-convex len#A B, about f of an 
inch focus, with its plane side n^ xt the 
observer, th^ object of which is to form 
a distinct image of the circular perfora- 
tion, at e, at the distance of about -^ oi 
an inch f\rom A R With this instrument, 
Dr. WoUaston saw the flnest strise and 
serratures upon the scales of the lepisma 
and podura, and upon the scales of a 
gnat's wing. » 

(200.) Double and triple achromatic 
lenses have been recently much used for 
-Jk the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they perform well 
they are very expensive, and by no means 
superior to other instruments that are properly constructed.* 
The power of using homogeneous light, indeed, renders them ^ 
in a great measure unnecessary, especially as we can employ 
either of Mr. Herschel's double lenses shown in figs, 43. and - 
44., which are entirely free from spherical aberration. One (if 
these, fig, 44., has been executed | of an inch focus, with an 
aperture of -|^ of an inch ; and Mr. Pritchard, to whom it be- 
longs, informs us that it brin^ out all the test objects, and ex- 
hibits opaque ones with facility. 

In applying the compound microscope to the examination ot 
objects of natural history, I have recommended the immersion 
of the object in a fluid, for the purpose of expanding it and 




* See Edinburgh Journal qf Science, No. VIII. new leries. p. 314 
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giving its minute parts their proper position and appearacce. 
In order to render this method perfect, it is proper to immerse 
the anterior surface of the object glass in the same fluid which 
holds the object ; and if we use a fluid of greater dispersive 
power than the object glass, and accommodate the interior 
surface to the diflference of their dispersive powers, the object 
glass may be made perfectly achromatic. The superiority of 
such an instrument in viewing animalcule and the molecules 
of bodies noticed by Mr. Brown, does not require to be pointed 
out^ 

On Reflecting- Microscopes. 

(201.) The simplest of all reflecting microscopes is a con 
cave mirror, in which the ^e of the observer is always mag- 
nifled when its focus is more remote than the observer. When 
the mirror is very concave, a small object m n, fig. 14, will 
bave a magnified picture of it formed at M N ; and when this 
picture is viewed by the eye, we have a single reflecting mi- 
croscope, which magnifies as many times as the distfimce A n 
of the object from tte mirror is contained in the distance A M 
of the image. 

But if, instead of viewing M N with the naked eye, we 
magnify it with a lens, we convert the simple reflecting mi- 
oroscope into a cdmpound reflecting microscope, composed of 
a mirror and a lens. This microscope was first proposed by 
Sir Isaac Newton ; and after being long in disuse has been re- 
vived in an improved form oy Professor Amici of Modena. He 
made use of a concave ellipsoidal reflector, whose focal dis- 
tance was 2;-V inches. The image is formed in the other focus 
of the ellipse, and this miage is magnified by a single or double 
eje piece, eight inches firom the reflector. As it is imprac- 
ticable to illuminate the object m n when situated as in fig. 
14, professor Amici placed it without the tube or below the 
line B N, and introduced it into the speculum A B by reflexion 
from a small plane speculum placed between m n and A B, 
and having its diameter about half that of A B. 

Dr. Goring, to whom microscopes of all kinds owe so many 
iimprovements, has greatly improved this instrument He uses 
a small plane speculum less than ^ of the diameter of the 
concave speculum, and employs the following specula of very 
short focal distances : — 
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That ingenious artigt Mr. Cuthbert, who executed these im- 
provements, has more recently, under Dr. Goring's direction, 
ftdished truly elliptical specula, whose aperture is equal to 
their focal length. This he has done with specula haying 
half an inch focus and half an inch aperture, and three tentli 
of an inch focus and three tenths of an inch aperture. Dr. 
Ooring assures us that this microscope exhibited a set of lon- 
gitudinal lilies on the scales of the podura in addition to the 
two sets of diagonal ones previously discovered, and two sets 
df diagonal lines (»i the scales of the cabbage butterfly in ad- 
dition to the longitudinal ones with the cross stripe, hitherto 
obsored.* 

On Test Objects. 

(202.) Dr. Goring has the merit of having introduced tlie 
use of test objects, or objects whpse texture or markings re- 
quired a certain excellence in the microscope to be well seen. 
A few of these are shown in^^. 168. as given by Mr. Pritch- 
iurd. A is the wing of the menelaus, B and C the hair of the 




oat, and D and E the hair of the mouse. The most difficult 
of all the test objects are those in the scales of the podura and 
'Jie cabbage butterfly mentioned above. 

Rules for microscopic Observations. 

(203.) 1. The eye should be protected from all extraneous 
ight, and should not receive any of the light which proceeds 
mm the illnminatinff centre, excepting what is transmitted 
Jurough or reflected nrom the object 

2. Delicate observations should not be made when the fluid 
which lubricates the cornea is in a viscid state. 

3. The best position ibr microscopical observations is when 

• f^'EHnhtr/fh Journal qf Science, No. IV. new wriet, p. 3SL 
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the observer is lying horiaEontallv on his back. This arises 
jfrom the- perfect stability of his head, and from the equahty 
of the lubricating film of fluid which covers the cornea. The 
worst of all positions is that in which we look downwards ver- 
tically. 

4 If we stand straight up and look horizontally, parallel 
markings or lines will be seen most perfectly when their di- 
rection is vertical ; viz. the direction m which the lubricating 
fluid descends over the cornea. 

5. Every part of the object should be excluded, except that 
which is under immediate observation. 

6. The light which illuminates the object should have a 
very small diameter. In the day-time it should be a single 
hole in the window-shutter of a darkened room, and at night 
an aperture placed before an Argand lamp. 

7. In all cases, particularly when high powers are used, 
the natural diameter of the illuminating light should be di- 
minished, and its intensity increased, by optical contrivancea 

8. In every case of microscopical observations, homogeneous 
yellow light, procured from a monochromatic lamp, should be 
employed. Homogeneous red light may be obtainea' by colored 



Solar Microscope. 

(204.) The solar microscope is nothing more than a magic 
lantern, the light of the sun beinjg used instead of that of a 
lamp. The tube A B, Jig. 154., is inserted in a hole in the 
window-shutter, and the sun*s light reflected into it by a long 
plane piece of looking-glass, which the observer can turn 
round to keep the light in the tube as the sun moves through 
the heavens. 

Living objects, or objects of natural history, are put upon a 
^lass slider, or stuck on the point of a needle, ana introduced 
into the opening C D, so as to be illuminated by the sun^s rays 
concentrated by the lens A. An enlarged and brilliant image 
of the object will then be formed on the screen E F. 
- Those who wish to see the various external forms of micro- 
scopes of all kinds, and the difierent modes of putting them 
up, are referred to the article Microscope, in the Edinburgh 
EncychpiBdia, voL xiv. p. 215—233. In the latest work on 
the microscope, viz. Dr. Goring and Mr. Pritchard's " Micro- 
scopical Ulustrations," London, 1830, the reader will find 
much valuable and interesting information. 

* See the article Mioroicopb, IMnHirgk JBncycAgNMba, vol. xiv. p.S98. 
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CHAP. XIJI.- 

OH REFRACTING AND REFLECTINO TELESCOPES. 

Astronomical Telescope. 

(205.) That the telescope was invented in the thirteenth 
eentury, and perfectly knowto to Roger Bacon, and that it was 
used in £ngland by Leonard and Thomas Digges before the 
time of Jansen or Galileo, can scarcely admit of a doubt The 
principle of the refracting telescope, and the method of com- 
puting its magnifying power, have been already explained. 
We shall therefore proceed to describe the different forms 
which it successively assumed. 

The astronomical telescope is represented in Jig. 164. It 
consists of two convex lenses A B, C D, the former of which 




is called the object glass^ from being next the object M N, and 
the latter the "eye glass, from its being next the eye E. The 
object gkss is a lens with a long focsl distance ; and the eye 
glass is one of a short focal distance. An inverted image m n 
of any distant object M N is formed in the focus of the object 
glass A B ; and this image is magnified by the eye glass C D, 
in whose anterior focus it is placed. By tracing the rays 
through the two lenses, it will be seen that they enter the eye 
E parallel. If the object M N is near the observer, the image 
m n will be found at \ greater distance from A B ; and the 
eye glass C D must be drawn out from A B to obtain distinct 
vision of the image m n. Hence it is usual to fix the object 
glass A B at the end of a tube longer than its focal distance, 
and to place the eyo glass C D in a small tube, called the eye 
tube, which will slide out of; and into, the larger tube, for the 
pnrpose of adjusting it to objects at different distances. The 
magnifying power of this telescope is equal to the focal length 
of the object glass divided by the focal length of the eye glass. 
Telescopes of this construction were made by Campani 
Divini and Huygens, of the enormous length of 120 and 186 
feet ; and it was with instruments 12 and 24 feet long that 
iluygeoB discovered the ring and the fourth satellite of ^turn. 
Z 
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In order to use object glasses of such great focal lenfifths with- - 
out the encumbrance of tubes, Hiiygens placed ue object 
glass in a short tube at the top of a very long pole, so that 
the tube could be turned in every possible direction upon a 
ball and socket by means of a string, and brought into the 
same line with another short tube containing the eye glass, 
which he held in his hand. 

As these telescopes were liable to all the imperfections 
arising from the aberration of refrangibility and that of spher- 
ical figure, they could not show objects distinctly when the 
aperture of the object glass was great ; and on this account 
their magnifying power was limited. Huygens fimnd that the 
following were the pn^r proportions: — 

Foea] tengtii or the ApntanorOM Vbcil lM«tli of O* 
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In the astronomical telescope, the object, M N, is always seen 
inverted. 

Terrestrial Telescope. 

(206.) In order to accommodate this telescope to land ob- 
jects which require to be seen erect, the instrument is con- 
structed as in fig, 165., which is the same as the preceding 
one, with tiie addition of two lenses E F, G H, which have the 

Fig. 165. 

jvr 




same focal length as C D, and are placed at distances equal to 
double their common focal length. If the focal lengths are not 
equal, the distance of any two of them must be equal to the 
sum of their focal lengths. In this telescope the progress of 
the rays is exactly the same as in the astronomical one, as far 
as L, where the two pencils of parallel rays C L, D L cross in 
the anterior focus L of the second eye glass £ F. These rays 
(ailing on E F form in its principal focus an erect image, m' n 
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which is seen erect by the third eye glass G H, as the rays 
diverging from m! and n' in the fixjusof G H enter the eye 
in parallel pencils at E'. The magnifying power of this tele- 
scope is the same as that of the former when the eye glasses 
are equaL 

GcdUean Telescope, 

(207.) This telescope, \yhich is the one usea oy ^alileo^ 
differs in notliing firom the astronomical telescope, excepting 
in a caskcaye eye glass C D, Jig, 166. being substituted for the 
CGQvex one. The concave lens C D is placed between the 




image mn and the object glass, so that the image is in the 
principal focus of the concave lens. The pencils of rays 
A B n, A B m fall upon C D, converging to its principal focus, 
and will therefore be refracted into parallel lines, which will 
enter the eye at £, and give distinct vision of the object The 
magnifying power of this telescope is found by the same rule 
as that for the astronomical telescope : it gives a smaller and 
less agreeable field of view than the astronomical telescope, 
but it has the advantage of showing the object erect, and of 
giving more distinct vision of it 

Gregorian 'Reflecting Telescope, 

(206.) Father Zucchius seems to have been the first person 
who magnified objects by means of a lens and a concave spec- 
ulum ; but there is no evidence that he constructed a reflecting 
telescope with a small speculum. 

James Gregory was the first who described the construction 
of this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- 
served for Sir Isaac Newton. 

The Gregorian telescojxe is shown in Jig, 167., where A B 
b a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be a 
parabola. For nearer ones it should be an ellipse in whose 
&rther focus is the object, and in whose nearer focus is the 
image; and in both these cases the speculum would be free 
from spherical aberration. But, as these curves cannot be 
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communicated with certainty to specula, opticians are satisfied 
with giving to them a correct spherical figure. In front of the 

fig 167. 




large speculum is placed a small concave one, C D, which 
can he moved nearer to and farther from the large specuhim 
hy faieans of the screw W at the side of the tube. This spec- 
ulum should have its curvature elliptical, though it is gene- 
rally made spherical. An eye-piece consisting of two convex 
lenses, E, F, placed at a distance equal to half the sum of their 
•focal lengths, is screwed into the tube immediately behind the 
great speculum A B, and permanently fixed in that position. 
If rays M A, N B, issuing nearly parallel from the extremities 
M and N of a distant object, fall upon the specijlum A B, they 
will form an inverted image of it at m n, as more distinctly 
shown in Jig, 14. 

If this image m n is fiirther from the small speculum C D 
than its principal focus, an inverted image of i^ m' n', or an 
erect image of the real object, since mn is itself an inverted 
one, will be formed somewhere between E and F, the rays 
passing through the opening in the speculum. This image 
m' n' might have been viewed and magnified by a convex eye 
glass at F, but it is preferable to receive the converging rays 
upon a lens E called the field glass, which hastens their con- 
vergence, and forms the image of w » in the focus of the lens 
F, by which they are magnified ; or, what is the same thing, 
the pencils diverging from the image m' n' are refracted by F, 
so as to enter the eye parallel, and give distinct vision of the 
image. If the object M N is brought nearer the speculum 
A B, the image of it, m n, will recede from A B and approach 
to C D ; and, consequently, the other image m' n' in the con- 
jugate focus of C D will recede from its place m' n', and cease 
to be seen distinctly. In order to restore it to its place m' n\ 
we have only to turn the screw W, so as to remove C D 
lurther from A B, and consequently farther from m n, which 
will cause the image m' n' to appear perfectly distinct as be- 
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fore. The magnifying power of this telescope may be found 
by the following rule : — 

Multiply the focal distance of the ^reat specuhira by the 
distance of the small mirror from the unage next the eye, as 
formed in the anterior focus of the convex eye glass, and mul- 
tiply also the focal distance of the small speculum by the focal 
distance of the eye glass. The quotient arising from dividing 
the former product by the latter will be the magnifying power. 

This rule supposes the eye-piece to consist of a single lens. 

The following table, showing the focal lengths, apertures, 
powers, and prices of some of Short's telescopes, will exhibit 
the great superiority of reflecting telescopes to refracting 
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Cassegrainian Telescope, 

(209.) The Cassegrainian telescope, proposed by M. Cas- 
segrain, a Frenchman, diJSers from the Gregorian only in hav- 
mg its small speculum C D,^^. 168., convex insteaJd of con- 
cava The speculum is therefore placed before the image m n 




of the object M N, and an image of M N will be formed at 
m' n' between E and F as in the Gregorian instrument The 
advantage of this form is, that the telescope is shorter than 
the Gregorian by more than twice the focal length of the 
small speculum ; and it is generally admitted that it gives 
more light, and a distincter image, in consequence of the con- 
vex speculum correcting the aberration of the concave one. 
Z2 
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Newtonian Telescope, 

(210.) The Newtonian telescope, which may be regarded 
as an improvement upon the Gregorian one, is represented in 
fig, 169., where A fi is a concave speculum, and m n the in- 
verted image which it forms of the object from which the rays 

Fig. 169. 



E 




M, N proceed. As it is impossible to introduce the eye inta 
the tube* to view this image without obstructing the light 
which comes from the object a small plane speculum C D, in- 
clined 45° to the axis of the large speculum, and of an oval 
form, its axes being to one another as 7 to 5, is placed between 
the speculum and 9ie image m n, in order to reflect it to a side 
at m' n', so that we can magnify it witli an eye glass E, which 
causes the rays to enter the eye paralleL The small mirror 
is fixed upon a slender arm, connected with a slide, by which 
the mirror may be made to approach to or recede from the 
large speculum A B, according as the image m n approaches 
to or recedes from it. This adjustment might also be effected 
by moving the eye lens E to or from the small speculum. The 
magnifying power of this telescope is equal to the focal length 
of the great speculum divided by that oT the eye glass. 

As about half of the light is lost in metallic reflexions, Sir 
Isaac Newton proposed to substitute, in place dt the metallic 
speculum, a rectangular prism ABC, fig. 148., in which the 
light sufiers total reflexion. For this purpose, however, the 
glass requires to be perfectly colorless and free from veins» 
and hence such a prism has rarely been used. Sir ha-WB 
also proposed to make the two ^ices of the prism convex, as 
D E F, fig. 148., and by placing it between the image m n 
and the object, he not only erected the image, but was enabled 
to vary the magnifying power of the telescope. The original 
telescope, constructed by Sir Isaac's own hands, is preserved 
in the library of the fioyal Society. 

The following table shows the dimensions of Newtonian 
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telescopes, which we have computed hy taking a fine telescope 
made by Hawksbee as a standard : — 

HagaiiyiBg pawn. 

93 
158 
214 
265 
360 
604 
1017 

(211.) On account of the great loss of light in metallic re- 
flexions, which, according to the accurate experiments of Mr. 
R. Potter, amounts to 45 rays in every 100, at an incidence of 
45°,* and the imperfections of reflexion, which even with per- 
fect surfaces make the rays stray J?t;c or six times more than 
the same imperfections in reiracting surfaces, I have proposed 
to construct the Newtonian telescope, as shown in Jig. 170., 
where A B is the concave speculum, m n the image of the 



*ltea«tb<irgiwl 


Aperture of qKcnlum. 


Foe.1 length of 
cyeklM*. 


IfL 


2-23 inches. 


0129 inchea 


2 


3-79 


0152 


3 


514 


0:168 


4 


6-36 


0181 


6 


8-64 


0-200 


12 


14-50 


0-238 


24 


24-41 


0-283 




object M N, and C D an achromatic prism, which refiucts the 
image m n into an oblique position, so that it can be viewed 
by &e eye at E through a magnifying lens. Nothing more is 
required by the prism than to turn the lays as much aside as 
will enable the observer to see the image without obstructing 
the rays from the object M N. As the prisms of crown and 
flint glass which compose the achromatic prism may be ce- 
mentai by a substance of intermediate refractive poweir, no 
more light will be lost than what is reflected at the two sur- 
faces 

In place of settmg the small speculum, C D, of the New- 
iQuian telescope, Jig, 169., at 45°, to the incident rays, I have 
proposed to place it much more obliquely, so as to reflect the 
7mag^m n, J^g. 170., out of the way of the observer, and no 
fitfther. This would of course require a plane speculum, C D, 

* Edinburgh Journal of Seieruie, No. VI., new series, p. 283. 
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of much greater length; bat the greater obliquity of the re- 
flexion would more than compensate far this inconvenience* 
It might be advisable, indeed, to use a small speculum of dark 
glass, of a high refractive power, which at great incidences 
reflects as much light as metals, and which is capable of 
being brought to a much finer sur&ce. The fine sur&ces of 
some crystals, such as ruby silver, oxide of tin, or diamond, 
might be used. 

A Newtonian reflector, toiihout an eye glass, may be made 
by using a reflecting glass prism, with one or both of its sur- 
faces concave, when the prism is placed between the image 
m n and the fi^eat speculum, so as to reflect the rays parallel 
to the eye. The magnifying power will be equal to the focal 
length of the great speculum, divided, by the radius of the 
concave surface of the prism if both the sur&ces are concave, 
and of equal concavity, or by twice the radius, if only one 
surface is concave. 

Sir WiUiam HerscheVs Telescope. 

(212.) The fine Gregorian telescopes executed by Short 
were so superior to any other reflectors, that the Newtonian 
form of the instrument fell into disuse. It was revived, how- 
ever, by Sir W. Herschel, whose labors form the most brilliant 
epoch m optical science. With an ardor never before exhibit- 
ed, he constructed no fewer than 200 seven feet Newtonian 
reflectora, 150 ten feet, and 80 twenty feet in focal length. 
But his zeal did not stop here. Under the munificent patron- 
aflre of George IIL, he beffan, in 1785, to construct a telescope 
forty feet long, and on Sie 27th of August, 1789, the day on 
which it was completed, he discovered with it the sixth satel- 
lite of Saturn. , 

The great speculum had a diameter of 49^ inches, but its 
concave surfiice was only 48 inchea Its thickness was about 
3^ inches, and its weight when cast was 2118 lbs. Its focal 
len^ was forty feet, and the length rf the sheet m)n tube 
which contained it was 99 fe^ 6 inches, and its breadth 4 feet 
10 inchea By using small convex lenses, Dr. Herschel was 
enabled to apply a power of 6450 to the fixed stars, but a very 
much lower power was in general used. 

In this telescope the observer sat at the mouth of the tube, 
and observed by what is called the front view, with his back 
to the object, without using a plane speculum, the eye lens 
being applied durectly to magnify the image formed by the 
great speculum. In order to prevent the head, IbAi, finom oh- 
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•Btracting too much of the incident light, the image was fq^med 
out of the axis of the speculum, and must, therefore, havB 
been slightly distorted. 

As the frame of this instrument was exposed to the weath^, 
it had greatly decayed. It was, therefore, taken down, and 
(another telescope, of 20 feet focus, with a speculum 18 inches 
in diameter, was erected in its place, in 1622, by J. P. W, 
Herschel, Esq., with which many important observations have 
been made. 

Mr. Ramage^s Telescope, 

(213.) Mr. Ramage, of Aberdeen, has constructed various 
•Newtonian telescopes, of great lengths and high powers. The 
largest instrument at present in use in this country, and we 
believe in Europe, was constructed by him, and erected at the 
Royal Observatory of Greenwich in 1820. The great specu- 
lum has a focal length of 25 feet, and a diameter of 15 inches. 
The image is formed out of the axis of the speculum, which 
is inclin^ so as Jo throw it just to the side of the tube, where 
the observer can view it without obstruetinff the incident rays. 
The tube is a 12-sided prism of deal, and when the instrument 
is not m use it is lowered into a box, and covered with canvaa 
The apparatus for moving and directing the telescope is ex- 
tremely ^simple, and displays much mgenuity. 



CHAP. xun. 

ON ACHROMATIC TELESCOPES. 

(214.) The principle of the achromatic telescope h^ been 
briefly explained in Chap. VIL, and we have there shown how 
a convex lens, combined with a concave-lens of a longer focus, 
and having a higher refractive, and dispersive power, maj pro- 
duce refraction without colt^*, and consequently form an miage 
free from the primary prismatic colors. It has been demonstrated 
mathematically, and the reader may convince himself of its 
truth by actually tracing the rays through the lenses, that a 
convex and a concave lens will form an achromatic combina- 
tion, or will give a colorless image, when their focal lengths 
are in the same proportion as their dispersive powers. That 
is, if the dispersive powers of crown and flint glass are as 0*60 
to 1, or 6 to 10; then an achromatic object glass could be 
formed by combining a convex crown glass lens of 6, or 60, or 
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600 inches with a concave flint glass lens of 10, or 100, or 
1000 inches in focal length. 

But though such a combination would form an image free 
from color, it would not be free from spherical aberration, which 
can only be removed by giving a proper proportion to tlie cur- 
vatures of the first and last surface, or tlie two outer surfaces 
of the compound lens. Mr. Herschel has found that a Rouble 
object glass will be nearly free from aberration, provided the 
radius of the exterior surface of the crown lens be 6*72, and 
of the flint 14*20, the focal length of the combination being 
10*00, and the radii of the interior surfaces being computed 
from these data by the formulie given in elementary works on 
optics, so as to make the focal lengths of the two glasses in 
Fiff. 171. the direct ratio of their dispersive powers. This 
combination is shown in Jig, 171., where A B it 
the convex lens of crown glass, placed on the out 
side towards the object, and C D the concavo-con 
vex lens of flint glass placed towards the eye 
The two inside suilices that come in contact an 
so nearly of the same curvature Ihat they may \h 
ground on the same tool, and united together by t 
cement to prevent the loss of light at &e two sur 
faces. 

In the double achromatic object glasses con 
structed previous to the publication of Mr. Her 
schePs investigations, the surface of the concave 
lens next the eye was,' we believe, always con- 
cave. 

Triple achromatic object glasses consist of three lenses A B^ 
j,^. i,^ C D, E F, Jig, 172., A B and E F being convex 
lenses of crown glass, and C D a double concave 
lens of flint glass. 

The object of using three lenses was to ob- 
tain a better correction of the spherical aberrnr 
tion ; but the greater complexity of their ccn- 
struction, the greater risk of imperfect centering, 
or of the axes of the three lenses not being m 
the same straight line, together with the loss of 
light at six sur&ces, have been considered as 
more than compensating their advantages ; and 
they have accordingly £llen into disuse. 

The following were the radii of two triple 
achromatic object glasses; as constructed by 
DoUond:— ^ 




B J} 
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A B, or first Crown Lens. 

FIRST OBJECT GLASS. 8B001P> OJUSCT GLASS. 

Radii of first surface, ... 28 inches 28 

second surface, ..40. •-•--•- 35*5 

C D, or Flint Lens. 
Radii of first surface, . . - 20*9- 2H . 

second surface, .. 28 -.-•-. - - 25*76 

£ F, or second Crown Lens. 
Radii of first surfece, . . . 28-4 . . - 28 

second surface, - . 28*4 -28 

Focal length of the compound « 

lens, 46 inches 46*3 

In consequence of the great difficulty of obtaining' flint 
glass free from veins and imperfections, the largest achromatic 
object glasses constructed in England did not greatly exceed 
4 or 5 inches in diameter. The neglect into which this im- 
portant branch of our national manufactures was allowed to 
fall by the ignorance and supineness of the British government, 
stimulated foreigners to rival us in the manufacture of achro- 
matic telescopes. M. Guinand of Brenetz, in Switzerland, 
aild M. Fraunhofer, of Munich, successively devoted their 
minds to the subject of making large lenses of flint glass, and 
both of them succeeded. Before his death, M. iFraunhofer 
executed two telescopes with achromatic object glasses of 9-j^ 
inches, and 12 inches in diameter; and he informed me that 
he would undertake to execute one 18 inches in diameter. 
The first of these object glasses was for the magnificent achro- 
matic teleibope ordered by the emperor of Russia, for the ob- 
servatory at Dorpat The object glass was a double one, and 
its focal length was 25 feet ; it was mounted on a metallic 
stand which weighed 5000 Russian pounda The telescope 
could be moved by the slightest force m any direction, all the 
movable parts being balanced by counter weights. It had four 
eyo glasses, the lowest of which magnified 175, and the high- 
est 700 timed. Its price was 1300^., but it was liberally given 
at prime cost, or 950/. The object glass, 12 mches in diameter, • 
was made for the king of Bavaria, at the price of 27202. ; but 
as' it was not perfectly complete at the time of Fraunhofer's 
death, we do not know that it is at present in use. In the 
hands of that able observer. Professor Strove, the telescope of 
Dorpat has already made many important discoveries in as- 
tronomy. 

A fVench optician, we believe, M. Lerebours, has more 
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recently executed two achromatic object glasses of glass made 
by Guinand. One of them is nearly 12 inches in diameter, 
(utd another above 13 uaches. The first of these object glasses 
was mounted as a telescope at the Royal Observatory of Paris ; 
and the French government had expended 50(W. in the pur- 
chase of a stand for it, but had not the liberality to purchase 
the object glass, itself. Sir James South, our liberal and active 
countryman, saw the valae of the two object glasses, and ac- 
quired them ftsr his observatory at Kensington. 



ON AGHROKATIO EYEPIECES. 

(215.) Achromatic eyepieces when one lens only is wanted, 
may be composed of two or three lenses exactly on the same 
principles as object glasses. Such eyepieces, however, are 
i»ver used, because the color can be corrected in a superior 
manner, by a proper arrangement of single lenses of the same 
kind of glass. This arrangement is shown in Jig, 173., where 
A B and C D are two plano-convex lenses, A B being the one 

Fig. 173. 



next the object glass, and C D the one next the eye, a ray of 
white light R A, proceeding from the achromatic object glass, 
will be refracted by A B at A, so that tlie red ray A r crosses 
the axis at r, and the violet ray Av aiv. But these mys being 
intercepted by the second lens C D at the points m, n, at di& 
ferent distances from the axis, will suffer different degrees of 
refraction. The red ray mr Suffering a greater refraction 
than the violet one n v, notwithstanding its inferior refran- 
fifibility, so that the two rays will emerge parallel from the 
lens C D (and therefore be colorless) as shown at m r', m v'. 

When these two lenses are made of crown glass, they must 
be placed at a distance equal to half the sum of their focal 
lengths, or, what is more accurate, their distance must be 
equal to half the sum of the focal distance, of the eye glaasi 
C D, and the distance at which the field glass A B would form 
an image of the object glass of the telescope. This eyepiece 
is called the negative eyepiece. The stop or diaphragm must 
be placed half-way between the two lenses. The fi)c5 length 
of an equivalent lens,, or ono that ha& the some ma^fying. 
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power as the eyepiece, is equal to twice the product of the 
focal lengths of the two lenses divided by the sum of the same 
numbers. " ^ 

An eyepiece nearly achromatic, called RamsderCa Eyepiece^ 
and much used in transit instruments and telescopes with mi- 
crometers, is shown in fig, 174., where A B, CD, are two 



Fig. 174. 




plano-convex lenses with their 
Convex sides inwards. They 
have the same focal length, and 
are placed at a distance from 
each other, equal to two-thi]:ds 
of the focal length oS either. 
The focal length of an equiva- 
lent lens is equal to three-fourths 
the focal length of either len& 
The use of fliis eyepiece is to 
\ give a flat field, or a distinct view of a system of wires placed 
at M N. This eyepiece is not quite achromatic, and it might 
be rendered more so by increasing the distance of the lenses ; 
but as this would require the wires at M N to be brought 
nearer A B, any particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in universal use in 
all achromatic telescopes for land objects is shown in fig. 175. 
It consists of four lenses, A, C, D, B, placed as in the figure. 

Fig. 175. 




Mr. Coddington has shown, that if the focal lengths, reckoning 
from A, are as the numbers 3, 4, 4 and 3, and the distances 
between- them on the same scale 4, 6, and 5*2, the radii, 
reckoning from the outer surfiice of A, shouldbe thus : — 

27 } 
Y > nearly plano-convex. 



. J First surface 

( Second surface 
Q K First surface 

/ Second surface 
•pv K First surface 

( Second surface 
P \ First surface 

\ Second surfiice 



9? 

^ > a meniscus. 

cyt > nearly plano-oonv 

o^ ( Double convex. 
2A 
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The magnifying power ctf this eyepiece, as usually made, 
diflfers little from what would be produced by using the first 
or fourth lens alone. I have* shown, that the magnifying 
power of this eyepiece may be increased or diminished by 
varying the distance between C and D, which even in common 
eyepieces of this kind may be done, as A and C are placed in 
one tube A C, and D and B in another tube D B, so that the 
latter can be drawn out of the general tube. In Jig, 175., I 
have shown the eyepiece constructed in this way, and capable 
of having its two parts separated by a screw nut E, and rack. 
This contrivance for obtaining a variable magnifying power, 
and consequently of separating optically a j)air of wires fixed 
before the eye glass, I communicated to Mr. Carey in 1805, 
and had one of the instruments constructed by Mr. Adie in 
1806. It is fully described in my Treatise on Philosophical 
Instruments, and has been more recently brought out as a new 
mvention by Dr. Kitchener, under the name of the Pancratic , 
Bye Tube. 

Prism Telescope. 

(216.) In 1812, I showed that colorless refraction may be 
produced by combining two prisms of the same substance, and 
die experiments which led to tliis result were published in my 
Treatise on New Philosophical Instruments in 1813. The 
practical purposes to which this singular principle seemed to 
be applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of^a 
Teinoscope, for extending or altering the lineal proportions of 
objects. 

If we take a prism, and hold its refracting edge downwards 
and horizontal, so as to see through it one of the panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge from it at equal 
angles, .as in j^^. 20., where the square pane of glass is of its 
natural size. If we turn the refracting edge towards the 
window, the pane will be extended or magnified in its length 
or vertical;direction, while its breadth remains the same. If 
we now take the same prism and hold its re&acting edge ver- 
tically, we shall find, by the same process, that the pane of 
glass is extended or magiiified in breadth. If two such prisms, 
tiierefofe, are combined in these positions, so as to magnify the 
same both in length and breadth, we have a telescope com-' 
posed of two pnsms, but unfortunately the objects are all 
tiighly firing with th^ prismatic colors. We may correct 
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these colors in three ways : 1st, We may make the prisms of 
a kind of glass which obstructs all the rays but those of one 
homogeneous color ; or, we may use a piece of the same glass 
to abK)rb the other rays when two common glass prisms are 
used : 2d, We may use achromatic prisms in place of common 
prisms : or, 3d^ What is best of all for common purposes, we 
may place other two prisms exactly similar, but in reverse 
positions, or they may be placed as shown in Jig, 176., which 
represents the prism telescope ; A B and A C being two prisms 



of the same kind of glass, and of the same refracting angles, 
with their planes of refraction vertical, and E D, E P, other 
two perfectly similar prisms, similarly placed, but with their 
planes of refraction horizontal. A ray of light, M a, from an 
object, M, enters the first prism, E F, at a, emerges from the. 
second prism, E D, at 6, enters the third prism, A C, at c, 
emerges from the foui;th prism, A B, at rf, and enters the eye 
at O. The object, M, is extended or magnified horizontally 
by each of the two prisms, E F, E D, and vertically by each 
of the two prisms, A B, A C ; objects are magnified by look- 
ing through the prishis. 

This instrument was made in Scotland by the writer of this 
Treatise, under the name of a Teinoscope, and also by Dr. 
Blair, before it was proposed or executed by ProfassOT Ajnici 
of Modena. Dr. Blair's model is now before me, being com- 
posed of four prisms of plate glass with refracting angles of 
about 15°. It was presented to me two years ago by ms son ; 
but as no account of it was ever published, Mr. Blair could not 
determine the dfite of its construction. 

In constnicting this instrument, the perfect equality of the 
four prisms is not necessary. It will be sufficient if A B a*nd 
D E are equal, and A C and E F, as the color of the one 
prism can be made to correct that of the other by a change i^ 
its position. For the same reason it is not necessary that they 
be all made of the same kind of glass. 
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AchronuUie Opera Olasses toith Single Lenses, 

(217.) M. d'Alembert has lon^ ago shown that an achromatic 
telescope may be constructed with a single object glass and a 
single eye glass of different refractive and dispersive powers. 
To effect this, the eye glass must be concave, and be made of 
glass of a much higher dispersive power than that of which 
Sie object glass is made ; but the proposal was quite Utopian 
at the time it was suggested, as substances with a sufficient 
difference of dispersive power were not then known. Even 
now, the principle can be applied only to opera ^lassea 

If we use an object glass of very low dispersive power, the 
refraction of the violet rays may be corrected by a concave 
eye lens of a high dispersive power, as will be seen by the 
following table. 

OldMt giM 1^ Btaa Ifaitaiiyiiv 

made at mad* of power. 

Crown glass . Flint glass 1| 

Water Oil of cassia 2 

Rock crystal Flint glass 2 

Rock crystal Oil of aniseseed 3 

Crown glass Oil of cassia 3 

Rock crystal Oil of cassia 6 

Although all the rajrs are made to enter the eye parallel in 
these combinations, yet the correction of cdor is not satis- 
factory. 

Mr. Barlow's Achromatic Telescope, 

(218.) In the year 1813 I discovered tlie remarkable dis- 
persive pewer of sulphuret of carbon, having found that it 
** exceeds all fluid bodies in refractive power, surpassing even 
flint glass, topaz, and tourmaline ; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holding 
an intermediate place between phosphorus and balsam of tolu. 
* ^ ^ Although oil of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, from the yellow color with 
which it is tinged, it is greatly inferior to the latter as an op- 
tical fluid, unless in cases where a very thin concave lens is 
required. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as this volatility may be restrained, 
we have no hesitation in considering the sulphuret of carbon 
as a fluid of great value in optical researches, and which 
maji be of incalculable service in the construction of optical 
instruments.^*^ This anticipation has been realized by Mr. 

* On the Optical Properties of Sulphuret of Carbon, in Edinburgh 7VaM. 
vol. viri. p. 385. Feb. 7. 1814. 
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Barlow, who has employed sulpharet of carbon as a substitutd 
for flint giasS) in correcting the dispersion of the convex len& 
It had been proposed, and the experiment even tried, to place 
the concave lens between the convex one and it^ focus, for the 
purpose of correcting' the dispersion of the convex Jens, with 
a lens of less diameter, but Mr. Barlow has the merit of hav-* 
ing first carried this into efl^ct ^ 

The telescope which he has made on this principle, consists 
of a single object leaa of plate glass, 7*8 inches in clear aper- 
ture, with a focal length of 78 inches. At the distance of 40 
inches from this lens was placed a concave lens of sulphuret 
of carbon, with a focal length of 59*8 inches, so that parallel 
rays falling on the convex plate lens, and converging to its 
focus, would, when refracted by the fluid concave lens, have 
their focus at the distance of 104 inches from the fluid lens^ 
and 144 inches, or 12 feet, from the plate glass lens. The 
fluid is contained between two meniscus cheeks, and a glass 
_ ring, so that the radius of the concave fluid lens is 144 inches 
■ towards the eye, and 56-4 towards the object lens. The fluid 

" is put in at a high temperature, and the contraction which it 

experiences in codino- is said to keep every thing perfectly 

I ti^ht No decomposition of the fluid has yet been observed^ 

I- The great secondary spectrum which I found to exist in sul- 

-phuret of carbon is approximately corrected by the distance of 

I the fluid lens from the object glass ; but we are persuaded that 

it is not free from secondary color. Mr. Coddington remarks, 
that the general course of an oblique pencil is bent outward 

\ by the fluid lens, and the violet rays more than the red, so as 

to produce indistinctness; but we are not aware that this 
defect nvas observed in the instrument The tube of the tele- 
scope is 11 feet, and the eyepieces one foot ** The telescope,** 
says Mr. Barlow, " bears a power of 700 on the closest double 
stars in South^s and Hersohel's catalogue, although the field 
is not then so bright as I could desire. Venus is beautifully 

! white and well dcSned with a power of 120^, but shows some 

color with 360. Saturn, with the 120 power, is a very bril- 
liant object, the doable ring and belts being well and satisikc- 
torily defined, and with the 360 power it is still very fine." 
Mr. ^rlow remark^ also, that the telescope is not so com- 
petent to the opening of the dose stars, as it is powerful in 

h bringmg to light tiie more minute luminous points. 

I Achromatic Solar Telescopes wUh single Lenses, 

I (219.) An achromaiio telescope fbr Yiewiaa the sua or any 

I highlit Imaktom object may be oonatiuelttd by umgSL mgle 

i 2A2 
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object glass of plate glass ; and by making any one of the eye 
glasses out of a piece of glass which transmits only hamt^e 
neout light : or the same wing may be eflfected by a |Mece c€ 
plane glass of the same coIot; but this introdoces the enora 
of other two surfaces. In such a constniction it would be 
preferable to absorb all the rays but the red ; and there are 
various substances by which tlus may be readily effected. The 
object glass of this telescope, though thus rendered mooochro- 
matic, will still be liable to spherical aberration. But if the 
ndii of the lens are properly adjusted, the excess of solar light 
will permit us to diminish the aperture, so as to render the 
spherical aberration almost imperceptible. Such a telescope, 
when made of a great length, would, we are persuaded, be 
equal to any instrument that has vet been directed to the sun. 
If we could obtain a solid or a fluid which would absorb all 
the other rays of the spectrum but the yellow, with as little 
loss as there is in red glasses, a telescope of the preceding 
constniction would answer £)r day objects, and for all the pur- 
poses of astronomy. If the art of giving lenses a hyperbolic 
form shall be brought to perfection, which we' have- no doubt 
will yet be done, the spherical aberration would disappear; 
and a telescope upon this principle would be the most perfect 
of all instruments. 

Even by using red light only, a great improvement might 
be effect^ in the common telescopes for day objects and for 
astronomical purposes. If the red rajrs, for example, form j^th 
of white light, we have only to increase the area of the aper- 
ture 10 times to make up completely for this defect of light 
The spherical aberration is, no doubt, greatly increased also : 
but if we consider that, when compared to the aberration of 
color, it is only as 1 to 1200, we can a£S)rd to increase it in 
order to gain so great an advantage. Common telescopes, 
indeed, may be considerably improved by applying colored 
glasses, which absorb only the extreme rays of the spectrum, 
even though they do not produce an achromatic or hom<^e- 
neous image. 

These observations are made for the benefit of those who 
cannot sfSbrd expensive instruments, but who may yet wish fo 
devote themselves to astronomical observations, with the ordi- 
nary .instruments which they may happen to possess. 

On the Improvement of imperfectly achromatic Telescopes, 

(220.) There are many achromatic telescopes of consider- 
aUe size, in which the flint lens either ove^ corrects or under 
corrects the colors of the crown glass len& This defect may 
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be easily removed by altering slightly the curvature of one or 
other of the lenses. But all achromatic telescopes whatever, 
when made of crown and flint glass, exhibit the secondary 
colors, viz. the totne-colored and the green frin^fes. These 
colors are not very strong ; and in many, if not m all cases, 
we may destroy them by absorption through classes that will 
not weaken greatly the intensity of the light The glasses 
requisite for this purpose must be found by actual expenment ; 
as the secondary tints, though generally of the colors we have 
mentioned, are variously compmed, according to the nature of 
the glass of which the two lenses are made. 
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APPENDIX OP THE AUTHOR, 

OONTAININO 

TABLES OF REFRACTIVE AND DISPERSIVE POWERS, Ac 
OF DIFFERENT MEDIA. 



TABLE L 

(Referred to from Pa^ 30.) 
TniilU of ike RrfracUve Powers of SoUd and Fkad Bodies, 



Realgar artificial 

Octohedrite 

Diamond 

Nitrite of lead 

Bleidie 

PhosphoroB 

Sulphur melted 

Zircon 

GliusB— lead 3 partu, flint > 

Ipart 5 

Garnet 

Ruby 

Glass— lead 3 parti, flint \ 

Ipart J 

Sapphire 

Spmeile 

Cinnamon stone 

Sulphuret of carbon 

Oil of cassia T 

Balsam of Tolu 

Guaiacum 

Oil of aniseseed 

Quartz 

Rock salt : 

Sugar melted 

Canada balsam ,••• 



2-549 
8*500 
2-439 



2-260 



2-148 
1-961 

1-630 

1-815 
1-779 

2-028 

1-794 
1-764 
1-759 
1-768 
1-641 



1-619 
1-601 
1-548 
1-557 
1-654 
1-549 



-r lBd«x of Xe(hurtioa , 

Amber 1-547 

Plate glass, from h514 to... 1-543 

Crown glass, from 1-525 to.. 1-534 

Qilof cloves 1-535 

Balsam cajrivi 1*528 

Gimi arable 1-503 

Oilof^echnut 1-500 

Castoroil 1-490 

Caieputoil 1-483 

Oil of turpentine 1-475 

Oil of olivet 1-470 

Alum 1-457 

Fluor Spar 1-434 

Sulphuncacid 1-434 

Nitric acid 1-410 

Muriatic acid 1*410 

Alcohol 1-372 

Crytdite 1-349 

Water 1*336 

Ice 1*309 

Fluids in minerals 1*294 to . 1131 

Tabasheer 1*111 

Ether expanded to thrice > ^^^ 

its volume ( 

Air '. 1-000294 



TahU of the Refractive Powers of Oases, 



Vapor of sulphuret of J i.o01530 

carbon y 

Phosgene gas 1-001159 

Cyanogen 1-000834 

Chlorine 1-000772 

Olefiantgas 1-000678 

Sulphurous acid 1-000665 

Sulphturetled hydrogen . 1'000644 

Nitrous oxide 1-000603 

Hydrocyanic acid 1-000451 

Mnriaticacid 1-000449 



« IMas or XcfrMtfam. 

Carbonic acid 1-000449 

Carburetted hydrogen .. 1-000443 

Ammonia 1-000385 

Carbonic oxide 1000340 

NiUousgas 1-000303 

Aiote 1-000300 

Atmospheric air 1-000294 

Oxygen 1*000272 

Hsfdrogen 1-000138 

Vacuum 1-000000 
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TABLE Ih 

(Referred to from Page 31.) 
ThUe of the Absolute Refractive Powers of Bodies, 



ladaz of S«fhirtion. 

Tabasheer 00976 

Cryolite 0-2742 

Floor spar 0-3426 

Oxygen •. 0-3799 

Sulphate of baryta 0-3829 

Sulphuroiw ttcid gas • .... . 04455 

Nitrous gas 0-4491 

Air 0-4528 

Carbonic acid 04537 

Azote 04734 

Chlorine 0-4813 

Nitrous oxide •.. 0-5076 

Phosgene 0-5188 

Selenite 0-5386 

Carbonic oxide • 0*5387 

Quartz ......*.. 0-5415 

Glass 0-5436 

Muriatic acid ». .. « 0*5514 

Sulphuric acid' 0-6124 

Calcareous spar , 0-6424 

Alum .„ 0^70 

Borax 0-6716 



: Inlrzoraifftartloii. 

Nitre 0-7079 

Rainwater 0-7845 

Flinfglaas 0-7986 

Cyanogen 0-802? 

Sulphuretted hydrogen . . . 0-8419 

Vapor o€ salpharet of > ^.o^ao 

irbon,.... J ^^^ 

Ammonia 1-00S9 

Alcohol rectified . . . ^ 1'0121 

Camphor 1-8661 

Oliwoil /.... 1-2607 

Amber -. 1-3654 

Octohedrite 1-3816 

Sulphuret of carbon 1-420Q 

Diamond 1-4566 

Realgar 1-6666 

AmSergris 1-7000 

Oil of cassia* 1-7634 

Sulphur 2-2000 

Phosphonw 2-8857 

Hydrogen 3-0953 



— w 

NaL 
(fteferrsd to firom Page 72,) 

In order ta eonve^-to the reader some ideaoftfae Tariety of dispersive 
powers which exist ra solid and fluid bodies, I have given the following 
table, selected from ft moeh larger one, founded un observations which 
Imadeinl811andl812.t 

The first oolwnn contains the diflerence of the indices of refhiction 
for the extreme red and violet rays, or the part of the whole refraction 
to which the dispersion is equal; laid the second column contains the 
dispersive power. 

TaiHe of the JXspersite Powers (f Bodies.. 

power. aw«treinoHii»« 

Oil of cassia ...1 0-139 0O89 

Sulphur after fusion 0-130 0149 

Phosphorus ..'. 0-128 0156 

Sulphuret of carbon 0-115 0-077 

Balsam of Tolu , 0103 0O65 

BalsamofPeru » 0-093 0O58 

* See EMnburgh Journal of Science^ No. XX. p. 306. 

t See my Treaiiae on J^few PhUoMphieal TnstrumetUa, p. 315. 
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Barbadoes aloes 0085 OOM 

Oil of bitter almonds (H)79 (H>4S 

Oil of anisebeed *. 0077 0O44 

Acetate of lead melted 0O69 0O40 

Balsam of Stjrrax 0067 0O99 

Guaiacum ^ .0066 0O41 

Oil of cumin ...^ 0065 0O33 

OUof tobacco .,0064 • 0O35 

Gumammoniac 0O63 0O37 

Oil of Barbadoes tar 0O62 i0O32 

OUof cloves 0O62 0O33 

Oil of sassafras 0O60 0O32 

Rosin 0O57 0O33 

Oil of sweet fennel seeds 0O56 0028 

OU of speannint 0O54 0O26 

Bocka»lt 0O53 0029 

Caoutchouc •0052 0028 

Oil of pimento 0O52 Oj02O 

Flint glass 0052 0026 

Oil of angelica 0O51 0O25 

Oilof thyme 0O50. 0O84 

Oil of caraway seeds 0O49 0jQ24 

Flintglass 0O48 0O29 

Gum thus 0O48 0O28 

Oilofjuniper 0O47 0O22 

Nitricacid 04)45 0O19 

Canada balsam 0O45 0O21 

Cajeputoil ^ 0O44 0O21 

Oilof rhodium 0O44 ' 0O22 

Oilofpoppy 0O44 0O22 

Zircon, greatest re£ 0O44 0045 

Muriaticacid 0O43 0O16 

Gumoopal :... 0O43 0O24 

Nutoil 0043 0O22 

Oil of turpentine 0048 0O20 

Feldspar 00« 0022 

Balsam capivi • 0O41 OOSl 

Amber 0O41 0O23 

Calcareous spar— greatest 0O40 0027 

Oilof rape^ed ^ 0O40 0019 

Diamond 0O38 0O56 

Oilof olives 0O38 0O18 

Gummastic 0O38 0O22 

Oilofrue.^ ^.... 0O87 0O16 

Beryl 0O37 0O22 

Ether 0O37 0O12 

Selenite 0^37 0O20 

Alum 0O36 0017 

Castoroil 0O36 0O18 

Crown glass, green 0O36 0O20 

Gumarabic 0O36 0O18 

Water 0035 0O12 

Citric acid 0036 0019 

Glassof Borax ,.,.. 0O34 0O18 
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Garnet 0034 

Chrysolite % 0033 

Crown glaM 0033 

Oil of wine 0O32 

GUuBB of phosphoruB 0031 

Plate glass 0O33 

Sulphuric acid 0031 

Tartaric; acid OO30 

Nitre, least ref: 0O30 

Borax 0O30 

Alcohol 0089 

Sulphate of baryta 0029 

Rockciystal 0026 

Borax glass (l^bor. 2 sUex) 0O26 

Blue sapphire 0026 

Bluish topaz O025 

Chrysobei>d 0025 

Blue topaz 1 0O24 

Sulphate of strontia OO!^ 

Prussic acid 0027 

Fluorspar 0022 

Cryolite 0022 



nanriadin* 

oTBefnctiM 
tu»xtnm» Xaf*. 

0O18 
0O22 
0O18 
0O12 
0O17 

oon 

0OI4 
0O16 
0009 
0014 
OOll 

oon 

0O14 
0O14 



0016 
0019 
0O16 
0O15 
0O08 
0010 
0O07 



Na IL 
(Referred to ilrom Page 73.) 

The following table contains the results of several experimentB which 
I made in the manner described in pp. 72, 73. The bodies at the top of 
the table have the least action upon ^^n lis^ttand those at the bottom 
of it the greatest The relative position of some of the substances ia 
empirical; but, by referring to the original experiments in my Treaiiae 
on New Pkiloaophical InatrumenU, p. 354^ it will be seen wliether or 
not the relative action of any two oodies apon green light has been 
determined. 



TabU of TVansparen^ Bodiet, in the order in which (hey exerdse the 
leaat actum upon Green lAghL 



Oil of cassia. 
Sulphur. 

Sulphiuret of carbon. 
Balsam of Tolu. 
Oil of bitter almonds. 
Oil of aniseseed. 
Oil of cumin. 
Oil of sassafras. 
Oil of sweet fennel 
Oil of cloves. 
Canada balsam. 
Oil of turpentine. 
Oil of poppy. 



Oil of speaimint 
Oil of caraway seeds. 
Oil of nutmeg. - 
Oil of peppermint 
Oil of castor. 
GumoopaL 
Diamond. 
Nitrate of potash. 
Nut oil. 

Balsam of capivt 
Oil of rhodium. 
Flint glass. 
Ziroon. 



TABLE OF ACTION OF MEDIA OK 6BEEN LIGHT, &0* 313 
Table of Traraparenl Bodie$t ^ — ccnUtnuetL 



Oil of oliyee. 
Calcareous spar. 
Rock salt 
Gum Juniper. 
Oil of almonds. 
Crown glass. 
Gum arabic. 
Alcohol. 
Ether. 

Glass of bonix. 
Selenite. 
BeiyL 



Topaz. 
Fluor spar. 
Citric acid. 
Acetic acid. 
Muriatic acid. 
Nitric acid. 
Rock crystal.. 
Ice. 

Water. 

FhosphoroHS acid. 
Sulphuric acux 



(Referred to flrom Page 80.) 
. TaJtlU cf the Indices of RefracHon of several Gkuaes and Fluids. 
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NaL 

(Referred to from article JSL) 



If the remaric of Mr. Herachel be admitted, the consequence may be 
drawn in relation to all the simple gases, except oxygen, that their ab- 
solute refractive powers will be expressed by the square of the index 
of refraction, dimmished by unity: kit in them, the roocific gravity is 
directly proportional to the weight of the atom. Tne same remark 
applies to the vapors of simple bxiies, and to many compound gases. 

If the specific gravitjr, and weight of the atom, of hydrogen be called 
unity, the specific gravity of nitroeen, chlorine. Sec will be expressed 
by me weight of the atom of each: hence the square of the index of 
refraction oiminished by unity, will be, by rtie process directed in article 
32, multiplied and divided by the same quantity. 

The inflamnittble substance hjrdrogen, instead of presenting a high 
mtrinsic refractive power, would occupy a low place on the scale» while 
chlorine would rant high upon it This consequence was observed by 
Mr. Herschel himself. 

No. IL 

(Referred to from article 66, page 67.) 

This remark in relation to the absorptive power of water, though tro* 
for moderate thicknesses, in relation to the colored rays of the spec- 
trum, appears, by a recent discovery of Signer MeUoni, not to be true 
in regard to the heating rays. An account of the interesting experi- 
ments which have established this &ct, will be more in place, in 
connexi<fh with the article which treats of the heating power of the 
spectrum. 

No. m. 

(Referred to firom article 66, page 70.) 

This interesting analysis of the solar spectrum, by Sir David Brewster, 
will, probably, have its value to the reader increased fxy a brief state> 
ment of die experiments fit>m which the results, given in pages 69 and 
70, were deduced. The matter of this note is taken fiom a paper, by 
Sir David Brewster, in the Edinburgh Journal of Science for October, 
1831. ♦ 

1. The first position is that, " red, yeHow, and Uue light exist at every 
point of. the soLar spectrum.'* The eye gives evidence of the existence 
of red light, in the red, orange, and violet spaces, which, together, con- 
stitute more than half the length of the spectrum. If die blue and 
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indigo iiMoes be tnnniiitted througfa olive oil, the light beoomee of a 
violet tint, rendering evident the jped, or^viously existing in the Uue 
and indigo, by abeorbing lays .tvlach haa neutralized it In the yellow 
and green spaces the existence of red is proved by sho^iing that whito 
light may be detected in them. 

Yellou) liffht is recognized by the eye in rather more than one-fiAh 
of the length of the fpectrum, namely in die orange, yellow, and green 
spaces. It may be proved to be present in the blue and indigo spaoea 
l^ many experiments, among wnich is the one already described, in 
which a violet tint is develo];)ed, by passing the spaces Through olive 
oil : the tint absorbed by^the oil cannot be red, beoEiuse violet, reddish 
blue, is made to appear oy the transmission ; it cannot be blue, for blue 
taken fiom blue will not leave violet ; it is, then, yellow, which mixed 
with the red and blue had formed white light, at this part of the spec- 
trum. Farther, the spectrum examined through a deep olue glass, shows 
green in. the blue space, and through a transparent wafer of gelatine, 
produces a whitish band in the same space. Yellow is shown to exist 
m the red space^ by examining it through a prism of port wine, the re- 
Iracting angle of which is 90°, and the whole of the red space assumes 
ayellowish tint by the absorption of the blue rays, by certain thicknesses 
or ptch, balsam of Peru, &c In the violet space, owing to the extreme 
fiicility with which that color is absorbed, and' the extreme faintneas of 
the rays, yellow light has not yet been detected. 

Blue llffht is pereeptihle to the eye through more than two-thirds of 
the length of the spectrum, that is m the green, blue, indigo, and violet 
spaces. The abscnptive powers of pitch, balsam of Peru. &c, show 
|[reen light extending considerably within the red space ; and the blue 
■s forther proved to be spread throughout that space ov the yellow tinge 
which it assumes, when «ewed through the media already alluded to; 
a tmt which could only result from the absorption of blue rays. 

2. White light exists, at every point of the spectrum, and may be in- 
sulated by abmrbine the excess of the colored rays at any point. 

By a particular fliickness of smalt-blue glass, the yeUow space, the 
brigntest of the spectrum, becomes greenish white, ana, with a different 
blue, reddish white. A mixture otred ink and sulphate of copper re- 
duces the yellow space to nearly a white, the tint being slightty red 
when the ink w in excess, and green when there is too much of the 
•olution of sulphate of copper. By particular methods, not described, 
Sir David Brewster states tnat he has succeeded in tnnilating white 
light in both the orange and green spaces. 

The curious property possessed by this white liffht of not being de- 
composable by refraction, is a powenul support m the new dieoiy of 
the spectrum. 

By a principle of absorption applied to the heating rays of the solar 
spectrum, and v4iich will be described in a subsequent nofe, the exist- 
ence of a spectrum of heating rays, exceeding in length the three colored 
spectra, is proved, bringing a new analogy to bear upon this question. 

No. IV. 

(Referred to from article 71, page 83.) 

CoR^Mmtive experiments on the heat in difierent parts of the solar 
spectrum, require the most delicate instrumentB. The new branch of 
seienee, theraHMnagnetism, furnished Signer Melloni with a much more 
sensible means of measuring tdmpeisature than the common thennom- 
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eter, namely^ by the magnetic cuirents developed by heat, in a batt^ 
eomposed of burs of' biemuth and antimony. 

By the aid of this instrument, he ibmid that the heat accompanying 
Ihe violet space of the spectrum, from a crown glass prism, was not at au 
absorbed by pure water, while a small portion of the heat in the indigo 
was absorbea, a greater portion of that m the blue, and so on through 
the colored spaces and into the invisible heating rays beyond the speo 
trum, the extreme rays of whicl^^ere entirely absorbed. 

The relative degrees of heat in the spectrum formed by a crown 
glass prism, which, however, it must be recollected, has aroorbed the 
rays unequally, is represented by the annexed diagram, in which the 
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ordinates, 2 v, 5 i, &&, of the upper curve represent, nearly, the relative 
temperatures; the lengths of the ordinates, and of course the relative 
degrees of heat, being expressed by the numbers written above them : thus 
the amount of heatin the middle of the space «, the vto^ space, ccnnpared 
with that in the middle of the Hue space 6, is ^ 2 to 9 ; with the middle 
of the red space r, as 2 to 32. The points marked 25, 12, &c. beyond the 
colored space r, correspond to the bands, in the spectrum, having, re- 
spectively, the same temperatures as the middle of the y«llow, of the 
ipreen, ot the blue, &c. By passing the spectrum through a thickness 
of less than a twelfth of an mch of water, contained between plates 
of thin glass with parallel sur&pes and free from defects, the heating 
powers of the several rays became as represented in the lower curve ; 
none of the heat accompeOiying the violet rays having been absorbed, 
a little of that aocompan}ang uie blue, and so on increasing as the re- 
Irangibility diminished, until in the band, 2, 0, having the same tem- 
perature as the violet, all the heating rays were absorbed. Different 
media stopped the heating rays in different degrees, those of higher 
refractive powers pennitting tnon to pass more readily than those of 
lower powers. * 

Although this subject cannot be considered as fully developed, we 
are able to understand by it, why Seebeck found the point of greatest 
heat to vary, according to the material of the prism used to form the 
spectrum, t>eing in the red when a prism of crown glass was used, and 
in the yellow when water was the refracting material. Melloni found 
the greatest heat in the orange after passing the spectrum formed 1^ 
the crown glass prism through water, as appears by the diagram, in 
which the greatest heat in the red and yellow are 20, and in the orange 
IS 21. Seebeck found the point of greatest heat in the jrellow, when the 
prism contained water; a sufEciendy near coincidence with the ob- 
servation of Melloni, if we consider mat in the experiments of Seebeck 
the nyn were exposed to absorption by the glass forming the holfow 
prism in which the water was contained, and in diose of Signor 
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Melloni to the absorption hy tbe crown glan prion first, mid Aen l» 
that by two plates of glass and the water comamed between than. 

The power of tiaiivsmitting tbe heatuig rays' witfaoat ab ss t p t iop 
being greiiter as the refractive power is ^ater, according to the law 
before referred to, we should exoect that in flint glass the |;reateat heat 
would lie iarthest fiom the yiolet end of the sMCtnun; m plate and 
crown glass, that it should be at a less distance fiom that end ; in sul« 
phuric acid and .oil of turpentine still less; in alcohol and water yeH 
nearer to the yiolet end : and these d^luctioas we find, by cenaultuiK 
the table on page 82, to be correct Minute diflerences, whidt could not 
be detected by the iastrunentsused by Seebeck and otheis, in the poinia 
oi jreatest heat as given by that table, will'probably hereaAer appear. 

The experiments discussed in this note authorize the additien of s 
fi>urth spectrum to the three colored spectra represented in fg. 51^ 
namely, a heating spectrum containing rays which aiekss refranigibl* 
than the extEeme red nys of the spectrum. 



No.V. 

(Kefferred to from page 116.) 

The undolatory hypothesis represents in so ample a manner the phe* 
nomena to which Dr. ^oung applied his principle of interference, that 
I haye been induced to refer to it here, with a yiew to a geneml exp!f»' 
nation of the hypothesis. The reader will be better satisned if he take 
up the sub^t, as briefly referred to in the 84th article of the text, be- 
fine entering upon the account to be given in this note. Ab stated in 
that article, the hypothesiftof undulations supposesall qiaee, the planet- 
ary spaces as weU as the interstices between the particles of bodies, 
to be occupied hy an el»tic medium, or ether, which is put in a state 
of vibratory motion by luminous bodies, and in which impulses ar» 
propagated according to the same mechanical laws, as the impulses 
which, communicated to air, produce sound. 

If we suppose a luminous point surrounded by this elastic medium, 
the particles immecU»tely about the point have a vibratory motion im- 
pressed upon them, or a motion to and fio ; this they communicate to* 
•tiie adjacent particles, and thus a wave is formed, which spreads about 
tbe point as a ceitfre, just as the waves formed by a stone, thrown into* 
still water, spread arOund the point at which the stone struck the sur- 
fiice. As these waves would communicate to a floating body which they 
might meet, an impulse in a directi<m radiating from, the point where 
they originated, so luminous waves striking the retina, give the sensa- 
tion of fight in a similar direction. 

In the annexed diagram, let A B, No. I, represent cme of the directions 
in which the impulse given by a luminous body, is propagated; we shall 
find, according to the tiypothesis, along that line particles of the elastic 
medium, or emer, having all rates of motion, fhnn rest, or when the mo- 
tion is nothing, to the greatest rapidity of the vibration ; and in the two 
opposite directions, from A towarosB, and from B towards A. For example, 
let the particles at A, D, and C, be at rest, then if fiom A to D we nnd 
particles moving towards B, their velocities, or rates of motion, will be 
found increasing between A and of, mid-way fiom A to D, end then de 
creasing between of and D ; between D and C the vibration will be in the 
CQOimy directioD, namely, flnm B timards A ; and th» veloeitiea sAer 
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focraasin^ to &', will diminish to C. The distance between A and C includes 
afi-relocatiai fixim notliing to the greatest, and in the two opposite' diraek 
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tians A B and B A ; the same would be true of C B, if made equal to A Ci 
khis distance A C, or C B, is called the length of a wave, and it is this which 
in red light is 256 ten millionths, and in violet light 174 ten millionthst 
oP«n inch (see page 119, text.) To represent to the eve the velocities^ 
of the different particles of ether between A and D, me curve A a D 
is described, in which the ordinates, or lines in the same direction as 
9! a, represent these velocities, as, for example, a' a the velocity at a'; 
(he particles between D and C vibrating in a coi^trary direction, the 
curve D 6 C, representing their velocities, ia traced on the side of the 
Ime A B opposite to A a D. In the same wa^ the velocities between C 
and £, and between E and B, are shown by similar curves, on opposite 
sides of A B. Let Na 2. represent a system of waves in which the 
lengths M P and P O are equal to A D and D C, and let the motion 
between M and P coincide in direction with that between A and D, the 
curves of velocities M m P and A a D coinciding, and the motion be- 
tween P and O with that between D and C, the curves P jb C and D 6 C 
coinciding ; then it is plain that the motion of the pttticles between OQ, 
C E, and Q N, E B, <tec. will be the same, or that the undulations wiU 
cirincide throughout; one undulation will, therefore, add to the eflect 
<^>the other, and the light will be the united light produced by the 
two imdulations. The same will be true whether the point M coincides 
with A, with C, or with B, &c. ; that is, whether the lengths of the paths 
of the two rays A B and M N are exactly equal, or differ by one, t^vo, or 
BOfe undulations. If the rays, instead of moving in the same direction, 
meet under a small angle, the remarks will still apply ; and the fiist 
result, stated on page 115, teitt, is in accordance with the hypothesis. 
Under consideration, namely, that bright spots, illuminated by the sum' 
of the two lights, will be K>nned when the difierences in the lengths 
of the paths of tfie mys, are rf, (A C,) 2 d, (A B,) 3 rf, &c. 

Next let the curves described in No. 3 represent the velocities in 
another system di undulations, S V and V U being equal to A D and B C 
m No. 1, the paiticles of the ether between S and V, as shown by the 
curve, being in a state of vibradoa from T towards S, those between V 
and U from S towards T, and so on. If the ray S T in No. 3 were brought 
ta coincide with A B in No. 1, the point S being placed at A, liie 
particles between 8 and V in No. 3 moving in opposite diractioDs fioiil 
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tfaoM between A mndD, and thoie between V and U m o^fXMitedirao* 
tknu from those between D and C, and their velocities being supposed 
equal, their motionfl ^vould destroy each other, and the wave would be 
destroyed, or darkness would result The path S T diflen from A B by 
the distance S V, or half an undulation. The same would be the result 
if Na 3 began one undulation to the left hand of S, or two or more un- 
dulations, that is if the path ST, No. 3, differed from A B, No. 1, l^ one 
and a half, two and a half, &c. undulations. As the same consequences 
would follow, if the rays S T and A B met under a small angle, we infer 
(page 115, text) that when the difference in the lengths of the paths, 
of the two pencils of rays, is ^ <2 (A D), 1 Jd (A £), 2^ d, &c, ** uistead of 
adding to one another's intensity, they destroy each other and produce 
ft dark spot" 

Na VL 

(Referred to from page 120.) 

Professor Hare has observed, in relation to the translucency of gold 
leaf; — "Gold leaf transmits a greenish light, but it is questionable, 
if it be truly translucent. Placed on glass, and viewed by transmitted 
light, it appears like a retina. It is erroneously^poken of as a continuous 
superficies." The nature of the process by which gold is reduced to 
leaves, stren^ens this conclusion. 

On examimng cold leaf by the solar microscope, I find in it innumer- 
able rents, and also various gradations of thickness ; the rents have 
their edges colored, a blue fhnge appearing on one side, and a reddish 
brown on the opposite side ;. the thicKest parts transmit no light, and 
through the very thin parts a delicate g-reen light is transmit!^. The 
surface thus exhibited is very beautiful. The rents are visible to the 
naked eye, when the leaf is very strongly illuminated. 

No. VIL 

^ (Referred to fi-om page 237.) 

llie following classification of colored bodies is alluded to in the text, 
as Riven by Sir Da^ Brewster, in the life of Newton. The colors of 
eadi of the classes require, in his view, to be explained upon different 
princi^es. 

1. ** Transparent colored fluids, transparent colored gems, tranroarent 
colored glasses, colored powders, and the colors of the leaves and nowers 
of plants." 

The colors of diese bodies are derived fiom.the absorption of partica- 
lar colored rays: thus, water at great depths appears red by transmitted 
light, owing to the absorption of the blue and yellow rays which with 
the red constituted white light ; certain thicknesses of smalt-blue glass 
appear-intensely blue by transmitted light, while at sreater thicknesses - 
the glass appears red. In the case of opaque and colored bodies, as in 
the leaves of plants, we are to suppose certain rays to be absorbed by 
the hlflefmitefy thin fUm through which the rays reflected from any 
sur&ce may be supposed to pass, the complementary tint being reflected; 
as all the incident liffht is fjot reflected, the transmitted tint will be com- 
piemeniaiy to the colors absorbed, and thus the body will appear of the 
nme ooUmt b7 both reflected and transmitted light Cohued powdem 
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woalA teem not always to belong to this class, since many of them 
change their hues with a change in the size of the particles. 

2. ** Oxidations on metals, colors of Labrador feldspar, colors of precious ' 
and hydrophanoos opal and other opalescences, the colors of the feathers 
of biras, of the wings of insects, and of the scales of fishes.'* 

To these the Newtonian theory is strictly applicable. 

5. ** Superficial oolorB, as those of mother-of-pearl and striated «ur* 
fece&'* - 

4 "Opalescences and colors in composite crysfals having double re- 
fraction.** 

& ''Colon fiom the absorptioa of oc»nmon and polarized light, by 
doubly refracting crystals.** 

6. ** Colors at the surfaces of media of diflerent dispersive powers.*' 

7. "Colors at the surfaces of media in which the reflectmg forces 
extend to diflerent distances, or follow different laws.** 

No. vin. 

(Referred to ftom page 251.) 

^^ \ 

The nhilosophie toy called by its inventor. Dr. Paris, the ihaumaircpe, 
«r wonder-turner, illustrates veiy perfectly the feet of the duration of 
impressions on the retina. 

ite one aide of the card, represented in the diagram, is drawn a chariot 




«nd horses, and on the opposite side the charioteer; on causing die card 
to revolve by turning the string C and D between the thumb and fore- 
finger of each hand, the charioteer appears in the act of driving die 
ch^iet, as in the figure. It requires but Uttle ^11 to give to the card, 
exactly the motion, which shall perfectly unite the two objects on the 
ep|)08ite sides into one picture, and yA not render it confused by the 
rapidity of the tunning. Many amusing illustrations accompany the toy ; 
for example, Harlequm and Columbine are pointed upon opposite sides, 
and by a turn of the card are seen to join in a dance : royalty, stripped 
ef its robes, -occupies one side of the card, and the robes the opposite, 
the robes are donned by a turn : a petfer seated at his wheel moulding 
(he unformed clay, occupies one side of the card, and an urn is grasped 
by an arm on the reverse; on turning, the urn appears graspeaby the 
potter*! arm, the foot of the vaie being yet unfinished. 
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No. IX. 

(Referred to firom page 961.) 

Referring to His new analysis of the aolar spectrum. Sir Daviif'Brewi- 
ter advances the fbUowing hypothesis to account for certain of the 
cases just detailed.* 

**By means of this analysis we are now able to explain the phe- 
nomenon observed by those whcTare insensible to particular colonL 
(Edin. Joum. Sc No. AlX. old series. Na IX, new series.) The eyes 
of such persons are blind to red light ; and when we abstract all the 
red rays from a spectrum constituted as alreadyt described, there will be 
iefl two colors, Uue and ydhw^ the only colors which are reco^puzed by 
those who have this defect of vision. To such eyes, light is always 
seen in the red space ; but this arises from the eye Being sensible to the 
yeUofw and Uue rays, which are mixed with the red light ' 

Hence blue light will be seen in the place of the violet, and a greenish 
r yeUow will appear in the orange and red spaces, or, which is me same 
thing, the spectrum wiU consist only ^f the yeUow and the Uue spectra. 
The phjrsiological fact, and the optieiad principle, are therefore in perfect 
accoixlance; and while the latter gives a precise explanation of the 
former, the former yields to the latter a new and an unexpected sup> 
port" 

The details of the cases referred^ to, full3r sustain this conclusion. 
There are other circumstances connected with them, and with others 
described in the text, page 260, not unworthy of notice. 

In the second of the cases described in the Journal of Science, No. 
XIX, although the individual never failed to detect a full blue or a 
full yellow, he seems to have had very imperfect ideas of those colors 
when presented in a state of mixture ; green, as such, he did not know, 
and when blue was diluted with yellow, forming what to a good eye 
would appear yellowish green, the blue tint escaped him, and the mix- 
ture appeared yellow. In like manner, his discrimination of yellow, 
when mixed with blue, was very defective; he called grass green 
jrellow, and jret yelloivish green appeared to be ** yellow with a good 
deal of blue in it," This remark may serve to explain why the same 
white seen at different times, appeared to him to vary in its tint, at one 
time being white, at another " white with a dash of'^ yellow and blue," 
at another " white with yellow and blue in it'* When requested to 
arrange colors 80<es to produce the strongest contrasts, he divided them 
into two classes, to one of which he gave the name of Uue, and to the 
other yellow. In these contrasts he invariably placed v.hite among the 
blues, and was never perplexed, as in the preoeain^ examinations, when 
tasking himself as to the precise shades. That white should be /classed 
by him as blue, appears consistent with the other obscrvatMns, for 
being blind to red light the tint of white should be that which appears 
when red is removed from the spectrum or a bluish green, which tint 
he saw as a Uue* 

In examining other cases we shall fmd reason to be satisfied that this 
blindness extends to light of other colors than red, and that in those 
cases also there is a want cf discrimination between shades in mixtures 
of the colors to which the eye is sensible. The Plymouth tailor, whose 

* Edinhur/rk l\-ans. Vol. XII. Part. I., or Edin. J»»rttalqf Seienct, No. X 
new series. 
1 9ee text, pr 60. 
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CQBe ii described bv Mr. Hairey (see page 260r4ext), seems not to have 
been entirely blind to red light, and to have been in a measure blind 
to blue; thus the prismatic spectrum appeared to consist entirely of 
yellouf, and light bluei the red, orange, and yellow spaces appearing' 
•s if red had been withdrawn from them, wnile the full blue, the in- 
digo and violet were light blue, and dark blue and indigo stufls ap- 
peared to be black, and crimson was either blue or Mack, A dark ereen 
he regarded as brown, by which, since he was blind to red light, he 
most have meant a shade of black, and light green as orange, by 
which, for the reason just stated, he meant a variety of yellow. The 
blue in both' these mixtures escaped his perception. 

An extreme case seems to have occurred in the vision of Mr. Harris, 
of Allonby, who, according to the statement of Mr. Huddart, could 
only distinguish black fiom white, or was entirely blind to colors. 

ft is much to be desired, for the elucidation of this curious subject* 
that more well examined cases were on record. The colors of the 
spectrum afibrd rigid tests, not to be foimd in colored stuflsj and by 
such tests only, the minutis of peculiarities of vision can be satisfac- 
torily determined. 
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ADVERTISEMENT. 



The object of the following Appendix is to place in 
ths hands of the students of our Colleges, a text-book 
which will furnish them with some of the analytical 
methods of the most recent writers, upon the elements of 
Optics. 

The work of Sir David Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed from experiment and from theory, applied jtb 
the investigation of the different branches of Optics. The 
Appendix merely aims at supplying to the student the 
mode of determining the results given in the text, more 
particularly in what relates to Reflexion and Refraction. 

It may not be amiss to state, that I do not present, to 
the notice of instructors, an untried course, but that most 
of the propositions in the following pages have entered, 
into the mathematical portion of the course, taught to 
the Senior Class of the University of Pennsylvania. 

The works in which the full development of these 
subjects may be found, and which have been consulted 
in the composition of the Appendix, are Coddington's 
Optics, Coddington on Reflexion and Refraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will find the subject treated by the most general 
methods in Herschel's Treatise on Light. 

A. D. BACHE. 
Fbiladklphia, MEonA, 1833. 
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CHAP. I. 

REFLEXION BT SPHERICAL AND PLANE MIRRORS* 

(1.) In eonsdeimg the cases of reflexion fiom spherical or plana 
surfaces, two divisions will be made : in the first, the axis dT the 
incident pendl will be silpposed perpendicular to the sur&ce of the 
mirror, in the second, oblique to it; in the first case the pencU ia 
termed direct, in the second, oblique. 

(S.) Prop. I. 7b determine the form given by reflexion to a tmaU • 
direct pencil of light, proceeding from a point in the axis oftk 
mirror. 

Case 1. In fi^. 8., p. 18 of the text, let A represent the radiant 
point of a pencil of diverging rays, F its ^us, and C the centre 
of a concave mirror. Call AD = u, FD =s o, and CD =s r. The 
angle of reflexion FMC being equal to the angle of incidence 
AMC, the line CM bisects the vertical angle of the triangle AMF: 
whence (Legendre*s Geom., Book IIL, Art 201., or Eadid, VI. 3.) 

AC I AM i: FC : FM, w 

AC _ FC 

AM FM 

The pencil being, by supposition, very smalf, the point Jlf is very 
near to A hence for the approximate value of AM we may take 
AD, and for that of FM, FD. The equation just found becomes 

AC _ FC 

AD FD ' 

By the notation adopted above AC =s AD — CD &s u — r, and 
FC^CD-^FD^r-^v. We have therefore 





n — r 
« 


r 
= - 


V 


, or 


1- 


' r 

u 


r 

V 


-1, 


whence 



• Tbroughout the Appendix, the student is rappoaed to be acquainted 
with ibe corresponding chapters in tlio body of tbe work. 
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dindixig by r and transposiDg 

f =BS .W 

u V r 

(d.) Case SS. We next inrooeed to the case in which a emwerging 
pencil hXU apon t^eoneave mirrdr. Fig. I'O^ p. 30 of the text 

AM, AN repreeentinjif the two extreme rays of the pencil, con- 
verging to A\ the imagrinary radiant point, MF and NF are the 
reflected rays. The ramus VM therefore buects the angle AMF^ 
the outward angle of the triangle A'MF, and (Euc YL A.) 

AC _ FC^ 

AM FM ' 

but fyt AM and FM we may substitate A'D and F/>, their ap. 
proximate valnes, whence 

AC _ FC . 

AD FD* 
Using the ndation before employed, A'D as «, FD ss «, and 
1>C tap r, whence A'C ss= u -f r, and FC ss r — u; these valnes 
substituted in the equation just found give, 

— X-. = , or, 

tt t> 

1+ — = — — land 
u V 

-L + ^=A (b) 

u V r 

(4) Comparing equation (b) with (a) we find that it differs firom 

it only in the sign of — which is positive in (a) and negative ia 

tt 
(b) ; both these cases ma^, therefore, be represented by the same 
equation, if we agree to give the positive sign to the distance of 
the radiant point for diverging rays, negative for converging rays ; 
that is, if we C(Hisider the distance (u) porative, when the radiant 
point is in front o^ the mirror, negative when it is behind the 
mirror. 

I^ then, it tt represents the distance of the radiant point firom the 
mirror, — iL will denote the degree of diyergency or convergency 

'^" 1 

of the incident rays. In like manner, — will represent the con- 

wgency of the reflected rays. From equations (a) and (b) 
1,1 2 
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where r is a constant quantity; a result which may be thus ex 
pressed : the divergency (or convergency) of the incident rayt Is* 
gether with the convergency of the reflected rays ts a constant 
quantUy for the same mirror. The curvature of the mirror is 

measured by -^ , the reciprocal of the radius. 

(5.) Case 3. Diverging rays iailingr upon a convex mirror. Fig. 12., 
p. 21, text 

The line C% bisects the outward angle of the triangle AMF^ 
whence (£uc VI. A») 

AC _ FC ^ 

am'Z fm' 

tubstitttting their appronmate values On AM and FIH 

AC _ FC 

AD FD \ 
and by the notation adopted in the casefi already considered, 

!L±I = :^Z£, whence 

« V 

J L-=_± (c) 

u V r 

On oomparmg this equation, in which we have made .^- poeU 

tive as it corresponds to a real radiant,* with (a), we perceive that 

1 2 

the signs of both — . and are different From the figure we 

observe that v oonnsponds to an imaginary focus, and-diat tiie ra* 
.dius is no# behind the mirror. Equation (a) may, then, be used 
to represent this case if the sign of the radius be dionged ; the re. 
suiting negative value of the S>cal distance corresponds to a locus 
behind the mirror. 

(6.) Caqs 4. Converging rays falling upon a convex mirror. The 
formula £>r this case may be deduced from J^, 12., \£ BM and 
BN be made to represent the incident, and MA^ NA the reflected 
rays. We should have by proceeding as in the hist case, 

FC _ AC^ ^ ^^ 
FM AM ' 
FC _ AC 
FD " AD* 
and nnce FD rs u, P being the imaginary radiant pomt, and 
AD ssvt A bemg the fccus; FC c= r — tf, and ^Ca r 4. v 
wlience 
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!=!• = !:+JL , or 

tt V 

_i + J_=_A (d) 

u V r 

the first term being made negative to correspond to the case of 
oonyerging rajs. This formi^ differs from (c) in the sign of 

=. , which waji negative in (c), and in that of _ . The figure 
• u 

shows that v in this latter case corresponds to a teal focus, while 
in the former — v denoted the distance to im imaginary fbcua. 

The change of sign in _ coilfbrms to the remarks made io 

ti 
article (4.) 

(7.) Comparing the four equations (a) (b) (c) and (d), we per 
ceive that the formula 

— + — = — (1) 

u V r 

may be made to include them all, by attributing to «, and f , respec- - 
tively, the positive sign when the radiant point or the centre is in 
front of the mirrur, the negative sign when either of these jpoints 
is behind the mirror, and by considering the positive value of v as 
oonresponding to a focus in firont of the mirror, its negative value 
to one behind it 

(8.) We might have" commenced by giving to the student this 
conventional mode of considering the quantities used in the an- 
alysis, and then have deduced the general equation by reference to 
a single diagram : we have preferred in the outset to show him that 
the variations in the algebraic signs are not arbitrary, fatt required • 
by the geometrical relations of l£e quantities. 

From the formula 

i + -L = -l (1) 

wo deduce the general rule, that the sum of the vergeneiu* of the 
incident and rejieeied pencils is a constant quantity. 

C9.) Having obtained an equation (1) expressing the relation be 
tween the distances of the radiant point and focus of a small pencil 
by means of the radius of the mirror, we shall proceed to interpret 
it in its application to different kinds of mirrors, and under different 
circumstances of the incident pencil. 

* This convenient term, expressing, as the case may be, eitliej divergency 
or convergency, is proposed and used by Lloyd in bis Treatise on Light and 
Vision. 
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Peop. II. 3b deUrmme the farm gipen Uk « mmU pencil of rayt by 
reflexion from a plane mirror. 

In the plane mirror the ndius is infinite, or — = o , whence 

firom (1), 

ir + T'^ <^'^' 

V sss «• 

The fi>cu8 and radiant point are at equal distances fiom the 
fliifrw, but on opposite aides of it ^ 

(100 If ||0r99«J ray« fiiU upon th9 mirror u = oo,andos= ^ — oo, 
or the reflected rays are parallel. This corresponds Ux the cas^' 
represented in Jig. 4., p. 15, text 

(UO If the ra^s diver^ bedSbre reflej^ion, the formula 

ahows that they will be equally divergent ^fier reflezioik; and 

that the locus is as fiir bdiind ibe narvor as the radiant point is in 
front of it Fig, 5^ p. 15, text ' 

(12.) F<^ converging lays 0^. 6. p. 16» text,) u taken Ae n^fa, 
tiTe sign, and (2) becomes 

1 1 

— — =s — - 

V u 

4 « s fi • 

The sifn of « bdngr IN)Biti¥e tine focvs ia rea^ ita distance « uk 
fi^nt <^ the mimH' is equal to the distance of the imaginary ra- 
d;antt point behind it ' 

(13.) Paop. IIL Rejlexion ofm tfHoll pptcU of Ught by a concave 
• tnirror. 

The fimnula which applies to this case is, 



1 

u 


+ 4- 


= A ....(1). 

r •* . 


Oransposition 

• 


r 

n — 


- 1 =2"-'. or 

■ 

ur 



8tf — r 
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Thiivaliw of « ghM the rnk on pn^* '^ ^^ ^ *»*- 
(14) When the nyu are faraOel — » 0. And 

•=-2 • 

The sign of v being poeitive ahowft fhtt the fiieae it m fiont d 
the mirror, and its value JL. , that the ftcal diatanee is half the 

radius. This is represented in Jig, 7., p. 17, of the text, when 
FD=^iCD. 

The focDS of parallel ra^ is called the pritieipdl focus. As it 
serves as a point of comparison for the Sod of other rays, we shall 

Q 

represent its distance by a symbol, /. Placing fer _ its value 

^ / 

2. , formuhi (1) becomes 

i_+J.= 1 ....'.(4). 

U V f 

(15.) The next case to be considered is that of diverging lays* 
In this, tt is positive and the formula is 

l.+ i=^... .,(4). whence. | 

J_^_ Jl 1^ 

V f u 

As long as « > /, or tlie point A in Jig. 8., p^ ^7, is fiurther 

than the principal &cos from Z>, we have — < — , and JL 

1 J J 

is a positive quantity, or the rays converge after re. 

flexion. Since -_ < _ , we have _ ^'JL , and 

/ « / « / I 

V > /, or the focus is farther from the mirror than the principal | 

focus. . ^ I 

If we suppose, besides, that A is beyond the centre C, we have I 

tt>r,andJL<-L, whence 4. _ -L ,ar-i _ JL > ? ! 



u r " J u r u r 

r 
M less than the radius. 



i_,or> — , and — > — , or «< r, the focal distance 
r r V r 
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We infer, then, that nyn dvrergUng from a point be}t)nd the 
oentfe of the miiror, are reflected to a point between the principal 
focus and the centre. 

As — diminishes in value, — evidently must increase, or, 

as 11 increases, v diminishes, and vice versa : that is, as the radiant 
point recedes from the mirror the focus approaches it, and vice 
versa. When the radiant point becomes infinitely distant, the rays 
are parallel, and their focus is the principal focus. 

We have seen that as long as the radiant point is &rther from 
the minor than its centre (t£it is, u > r) the focus cannot coincide 
with that centre (or « < r) which it approaches. If u = r, or the 
radiant point ooinctdes with the centre, then 

J_ _ I i,--A — i-=sJL,or, 

V / r r r r ' * 

» = r, 
and the rays are reflected to the centre. 

Let the radiant point now pass the centre towards the principal 

foeoa, that is^ let «< r, and at the same time « >/, or — > - 

u r 

«ndJL<JL. Since jL <-L, -i L is still a positivB 

»/ • f f « 

quantity; the rays are, therefore, still brou||rht to a focus: but 

^^ 111 1 „, 2 1 1- 

smce ^~- > — , — - ^~m _ or — .. — .< — , 
« r / II r u r 

11 

J. ^ _ and « > r ; that is, the focus Hes beyond the centre. 

• *■ 
When the radiant point coinddes with the principal focus u a/ 

whence, — =s -— • and — = ~=--^ — = o,or»csQO 

u f V f u 

the rays are rendered parallel by reflexion. 
If we suppose the radiant point to approach itill nearer to the 

mimr, so that s </, we have — > -y- • whence is 

,» / / » 

negative; that is, JL has a negative sign, or the focus is 

V 

imaginary, the rays diverging afler reflexion. The divergency 
of the reflected rays is less than that of the incident rays, 

ftrJ_ = _(2._4\.«rf J__ » <JL.tta di. 
» \u f / u f u 

vorgency before reflexim. 
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(16.) For the case i£ eanvergit^ rays M^g upon a evitedve Wir- 
lor (jig» 9^ p. 19, text,) we make, in formula (4), u oegativc ; whenee^ 

JL L= _^.....(5).or, 

The sighs of the quantities on the right-hand side of this ^lut. 

tion being both positive, is always positive. Coaveifiii;^ rajs 

1 1 
are, therefore, always brought to a focus. Moreover, since -^ 4- -7 

> — , — > — , or the convergency is greater afbr^ than be. 
u V u 

fore, reflexion. Since — -f — > -— « = — > .^j- and v </, 

• f J ^ J 

whence the focus of cooTcrging rays is nearer the mirror than the 
principal focus. 

Substituting, ia equation (5) for 4- « iti fdut -L « aid InJui 

pos&g _ , we have 

-L = i- + JL 

V r « 

Whence the Tahie of « is 



2tt + r 
agreeing with the xole on p. 30 of the teocL 

(17.) Prop. III. Reflexion of a tmail pencU ef •«yt hf a donveat 



In this case, r, the radius of the mirror, takA the negat Ve siga^ 
and equation (1) becomes 

4+4=--^ ^ 

(16.) For faruUel ntys (Jig. 11., p. 31, text,) — =s «, whenct 

IS r 

- = ,orv = — — . 

« r 2 

The focus is behind the mirror, and at the distance, fi-om tho 
rertex, of half the radius. 

If we call the principal focal distance /, the formula for the re- 
flexion by a convex mirror becomes 

-1 + ^ = --! (T). 
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(Id.) For dhergittg ray* (Jig. 13., p. 31,) we haT« 

and tiiereibre — is always negative ; such rajs diyerge after re- 

V 

fiezioa, and since _- -\ > — ,or_>— , their di- 

f u u V u 

vergency is increased by the reflexion. 

(20.) Figure 12. will, as has ab*cady been staled, represent the 
case of converging rays falling upon a convex mirror, if we sup- 
pose BMf and nXiio represent the incident rays, meeting in the 

hnaginaxy radiant jnint F. To express this case analytically, m 
must be made negative, and the formula is 

— i- = i- (8), or, 

V u / 

I 11 



The position of the locus, as shown by this equattoi^ panes 
throusch variations, corresponding to those in the case of diverging 
rays railing upon a concave mirror (Art 15.). 

(21.) It is sometimes convenient to refer the distance of the ra- 
diant point and fociis, to the centre of the mirror, instead of to the 
vertex Formula (1) nuy be readily transformed into one which 
shall refor to the centre. 

Paop. ly. To determine the relation of the dittance of ike fbcuo and 
nuUant fointf of a omaU pencU of rayo, from the centre of a 



By Jig, a, pw 18, text, it appears that AD = AC + CD, and 
FD^CD-- CF. Calling ilC s u' and FC » t/, CD, as be- 
fore, as r, AD ea tt, and fD =b e ; we have « b= u' 4- r, and 

e = r — e*. 

Substituting these values of u and o in the equation 
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"Bnngsag to a common denominator the qoan t itieB qd, both.aid«i 
of the equation, and reducing, wc have, 

r — t/ tt' 4- r 
r — 1/ 11' 4- r 

L^i,= A (9> 

(S3.) This equation is the same in fbrm with the one ToaoM 
when the distances were estimated from tbe Tertez, except that 
the sign of »' is negatiTe, the distances ^ and vf bemg now 
reckoned in opposite directiMis. 

Equation (9) migfat have been deduced diieedy from the relatioD 
of the lines AM, FM, AC, CF, fig. 8^ m the triangle A3iF. Thm 
solution of the question by that method, Would hare been mor^ 
simple^ 

C^.) If wfr mibsCifute for ^ , in equation (9), ife takis ±, we 

have 

v' vf f ^ ^ 

F^om this equatioDt. niay be dsduoett Hm fektkm eijtfvssed m 
the following proposition. 

(»4.) Prop. V. The divtanct of f*« )princ%pafdem "ofM Hirrfmr fimit 
the centre, is a mean proporfiotml beii^ifen the diiUmdm ef the 
radiant point and foeue^ of any wmall pencUy from the primeipmi 
focue. 

Equation (10) gives^ 

■ »' = , I . whence, 



"7+^ 



f-'^f-lf-,-!^'^-' 



in which proportion / — »' reprfesents FO {Jig. S., p. 18, iXijQ or 
CO — CF, and m' -}- /, ^O or ilC -f CO, 

(25.7 "^0 subject of reflexion nt cunred surfabes in general, will 
M treated briefly ia m sMbsequent chapter* !%• propevties of tho 
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rarfaces formed by the revolution of tlie parabola and eVipee About 
their axes, are readily understood, from very simple geometrical 
Considerations, and gain notliing by being presented analytically. 
They will, however, be referred to in another part of this Appendix. 
(26.) We pass next to the reflexion of a small oblique pencil by 
a spherical mirror, on which subject two propositions will be 
given ; in the fSrst will be considered the case in which the axis 
of the pencil does not cross that of the mirror, and the pencil falls 
upon the mirror near to the vertex, and in the second, the case in 
which the axis of the pencil crosses thut Of the mirror. 

^.) Prop. VI. A smaU pencil having Us radiant point out of the 
■axis of a mirror^ meets the surface near the vertex, required (Ae 
form of the reflected psneU. • ^ 

Fig. A. 




Let LMN represent •H'sec^ioii 'of - te ^mirror, made by a plane 
pfMMdng through the lines MR aAd JfO, or tfanougfa ^tbrin lof 'fhe 
pencil and the centre «fthe mirrdr. RL is an eztretne nty of tlitf 
pencil incident very near to M, LF is the corresponding reflected 
ray, meeting the reflected ray IfTF, which corresponds to the axis 
of the pencil, m the point F. i^ b the- fi)cus (^ the p^^ LRN^ 
in the pldne of the section TifitfC 

(28.) To determine the fbctts of rays > winch m^t the mirror in 
a plane perpendictrlaflr to \RftfC; suppose a plane lb pass through 
RM at right angles to that of the flgure, this plane will cut from 
the pencil, RLN, two raye^ which refletted will meet the axis, MF, 
of the reflected pencil, in the ftcus required. If^^ow, a plane be 
passed through one of the incident rays, just described, and Utie 
corresponding reflected ray, it "will pass through the centre of the 
mirror ; the Ime RC, joining'fhe radiant point and centre, will be, 
therefore, its intersection with-tfae pkne RMC containing the axis 
of the incident and of the reflected pencil ; and the point, F\ in 
which RC produced meets MF, ^11 be the pdint in whidi4he sup. 
posed plane meets JtfjP, that is, the focus of the reflected pencil. 

"The fiieus, of the reflected pencil, in any plane between RMC' 
and the one at ri^ht itifgles to it,* will be found between Fand F' 

«CkMldington t«nD8 the iMmsr of tlHse ftnes mb'f^HuarTi ^m, tlit 
atter, tlie secondary plane. 
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(S9.) To deterniine» analyticaUy, the position of the point F; 
dnw from the vertex JIf, MX and MZ perpendicular, respectively, 
to All and LF) also from C, CP and CQ perpendicular, respeo- 
tively, to AJIf and JMtR As the arc LM is very small, it may be con- 
sidered a straig^ht line perpendicukt to the radius CL\ whence the 
incident and reflected rays making equal angles with CLt also make 
equal angles with LM, and the triangles LMX and LMZ an 
similar. But they have the side iiilf common, hence they are equal, 
and MX is equal to itfZ The two triangles CFAf and CQM being 
also equal, CP is equal to'CQ* And since CT and CS may be 
considered as perpendicular to RL and LF^ they may be taken as 
equaL WhencePr= Q/S. By the similar triangles JRFT and JBMX; 

RP : RM II PT. MX; 
and by the similar triangles FMZ and FQ/S, 
Q;S; MZ:: FQ: FM; 
whence, since PTas QS, and MX= MZ, 

RP : RM :: FQ : FM (e). 

Let RM^ u,MF^v,CM^ r, and the angle RMC — # . 
Then, 

RP . lUr— MP ^ RM-- CM . cos RMC, or, 

RP as » — r cos ^ ; and 
FQ^JTQ — MFsJIfC . ixmCMF-^MF,^, 
flQ « r. cos # — e. 
By sidistttnting, in the pr<mortion (e) above, for JRP, and Jt]; 
'the values just found, and ftr RM, and FM, s, and e, we have 



« — r. cos ^ : tt : : r. cos ^ — e : v, or, 
It — r. cos ^ r. cos ^ — u. 

u « 



Dividing by f , 



I cos^_ cos» 1 ,,^ 
r » © r 

2!Lf + £!i*= J. (U). 

» 11 r 



2tt 
cos ^ 
(30.) To bterpret equation (11) geometricaUy, we should ob. 

serve that the ratio of JNOr to JUU; that is, ^ ^ V meamnes thu 

divergen<nrafthe incident pencil LiUV: But in the triangle JfXL, 
MXwaML. fmLMX, and sbioe the angles XflTA and LMC 
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ire nearly right angles, LMX is nearly equal \xi RMC, or MXsa 

ML, 008 ^. >^ tliereibre varies with .£2?_S , which, coose- 

RM u 

quently measures the vergency of the incident T^jrs. In fike 

^Banner, S2IL^ ejEpresses the vergencj q£ the reflected pencfl. 
V 
We !q^, then, from (11), that the mm of tk$ txrgemiet aftim 
ineidertt and reflected pencUs is « consUmt quaniUff. 

If = 0, or the rays proceed from a point in the a^*<, cck 
^ = 1, and formula (11) becc/mes 

— -4- — .ir •*- « 
ti » r . 

agreemg with equation (1). 

If the rays are jpara22e2, .*??.* = o^ and 
tt 

(31.) To find the ^osiitoQ of Hie point F\ for the jiane perpm* 
dievlar to RMC, we have, in the triangle RMC, 

MC I MR :: sin MRC : sin MCR, or, 
Mllixig ibe aogle RCD, 0, wlience MkC s d — \^, 
r t » s sin (9^— » : sin 9* 
r _. Bin(o — ^) 
tt sinO 

«iid, by inbstitutinjg for sin (6 — ^) its valiia, 

r «n^coe^— -eosg. -sin^ 

If JIfF' be called i/, we may deduce fi-om the triangle CMP 
by a method similar to that just used, 

JL = ^^^ + »).or, 
1/ sintf 

r ^_ sin g« 008 ^ -f cos 0. sf n 

"7* "^ sin e 

Adding together the values found for — , and — ^ , and re- 

tt .V 

dttdng, we find. 
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JL + JL = ?i£2L? (12). 

u v' r 

Since S^ILf representfl the veffgencj of the incident rajs, and 
tt 

"*^ that of the reflected rays, it is evident, from (13), that the 

sum of these quantities, for the incident and reflected rajs, in the 
secondarj plane, is not constant for the -same mirror, but depends 
upon the angle, <p, of inclination of the axis of the pencil, to the 
axis of the mirror. 

{321) Prop. VII. A small Mime pencil ero9Be$ the axis hefSts 
meeting the mirror, required the form of the reflected peneiL 

fig.B. 




In the figure, iZ is the radiant point, RL the axis of a small 
pencil, of which one of the extreme rajs is RN; MC is the axis 
of the mirror, which is cut bj RL at the point D. F is the focus 
of the reflected pencil in the plane RMC. F' (fixind as in the 
last proposition) is the focus in the plane perpendicular to KMC 
In tins propoflition must be found, besides the distances LF and 
LF\ the point F, at which LF cuts the axis, and the relatkm of ^e 
angle LYM to the angle LDM^ which latter angle is given. 

Call, as in article (29.), jRL » ti, IrF » e, LF* ^i/,CL^r; 
9holst MY ^z,MD=zb. 

Since CL Insects the angle DLY, we have, 
YL I DL :: YC : DC, 
or, taking for YL and DL, the distances YM and DM, which are 
nearlj 'equal to them, 

yar : 2>3f:: rC: 2>C,4hat is. 




i + x- 



= — (13). 
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1 _ ^ 
r' 
An eqaation from wliich z may be determined. 

The approximate value of the ang^le LYM may be obtained by 
■nppodng that the tangents of LYM and LDM are to eaeh other 
as tne distances YM and DM, or, 



tan y , 
tanH' 



YM - 

DM' 



The distances LF and LF* will be given, as befbre, by th« 
Miuations 



OOS^ C08^_ 



J- 4- -L— ^' ^^ 



. (11), and 
...(!«). 



CHAP.n. 

VOBMATION OF IMAGES BT REFLEXIOIT. 

33.) In discussing the subject of the formation of images br 
reflexion, the sur&ce of the mirror will be assumed to be spherical, 
and the most usefVil ease will be solved ; namely, that of a plane 
perpendicular to the axis of the mirror. The objects, of which 
images are to be formed by mirrors, when not plane, are generally 
of irregular forms, and the images can be found, only, by pouits. 

Pa«p. VIII. 3b determine the image of a fiane, perpendieular ta 
the axi$ efa mirror. 

Fig.C 




In the figure, let MN be the intersection of the plane constituting 
the object, with a phme passing through the axis of the mirror. It is 
evident that if a small pencil of rays be supposed to proceed fitm 
each point of MN^ and the severd fbci of the pencils be deler 
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-mined, the araeniblafie of the points thiu foqnd will give the 
image. From M andlV, tfirougfa C, the centre of the mirror, draw 
MB and NA^ the axes of two pencils of rays from M and JV, apd 
apoi^ which, therefbre, the fbd of the pencils will be found. Let 
t^ Ibosf of the p«i«i], of whiub JiB is Ow aw be «(m. 

By our former notation, (art 21.), MC ^u\Cm^ tf^ and CB 
CB r. Call C£; the distance of the object from the centre of tbb 
mirror, d; and the anglo MCE^ 9; then, iumq 

CE=aCM. CMliKE, 

dsmu\ WM^, Oli 

cot ^ 

The |[eneral formula, for ^e relation of the dist^ce of the nu 
diant pomt, and «f the liwn% from tlie centre, wafl» ozt (23.), 

and, substituting the value of u', just found, 

f = f + ^' (^*>- 

The polar equation of a conic section, the focus being the poUe, 
k ( Yoong's AMjU Geqm^ Chap. Y.) 

r=ilj-i— ! ,ar, 

1 -f. e • cos (>» 

. I _ 1 , «.CQe«# 



This eqwlipii will be identical with (14), if we sappoM JL ss 

.r 

i, _i_= ±, _!__= JL,andi. = tf. 
t/'^(l— e2) / 'aa — e2) d ' 

The image of the line ilfiVis, therefore, a portion of a conie •ee- 
Hon, of which C, tkt centre ^tke mirror, is one of ike foci. 

(34.) Since/«.JL(1 — ft'iz^il^l-.p^rs ^.(Analyt 

Geom.) the semi-parameter of the conic section, and / is constant, 
it follows that the radius of curvature at the vertex of the conic 
section, which ip equal to the semi-parameter, is independent of 
the distance of Uie object from the centre of the mirror. 

(3I».) We proceed to examine the variation in the figijre of the 
oQoic sectim jvmt found, when the distance 9f the object f^ the 
miriw varies. 



Firet, let the c^ct be infinitely distant Then, .._ = o, and 

4 

Jt z=z <s that is, c sss 0, and the imaee is a portion of a 

circle, corresponding to the equation _ = , or, «' = — ; 

W ■ r X 

The radius of the circle iM half that of the mirror. 

A9 the object is brought nearer to the mirror, d djminishep, or 

^inoreases; but, __- = ---J — 5- » and, smoe A (1 — e») =/, 
a d Ail — #^ 

or is constant, « must Tary as — , an^ therefore, increi^iQS. As 
d 

■< 1, and the image is a portion of an ellipse. 

When 42 ss/, e SB 1, and the curve 19 a, nari^bola. F^d </, 
e > 1, and the curve becomes a branch of a iyperhola. 

If <f s 0, or the object passes through the centre of the ^inor, 

^ = 00*, and e b infinite, or the image is a ttraight line, coin- 

d 

ciding with the objeot 

When the object passes t^ ce^itfe, iQWW^ ,^*jaomh ^ itl«r 
comes negative, and the equation (14) changes, if we reckon firom 
CfC,to 

1 = 1 _£^^ (15). 

tf J d •. 

This equation gives a hyperbola while d <f, vl parabola when 
d ss:'/, an ellipse when d>f. 

Eaoh of these cases presents curious (rarcumstances. For ex- 
ample, in the £aae, d </v if a pcunt he token in .the object, so that 

^ u'.ssf, that is, :;= /, the jl^uation fpr the focal distance of 

^ oosi> 

tSie pencil proceeding from that point, is 

—7 — <>» •' = <»; 

the image is infinitely remote firom the minror. If we suppose the 
object io be sofliciently extended to out the nunror, the pount eom- 
BM9n to the objeot and miunor is its own image, and tor that point 
tf' =s r, and v bst ; betseen the points ibr whiohy 4b t and u' a 
/, the diataffne of the image iias varied from r to infinity, and, 
therefiire, that portion of the object which is between these linulai, 
has a virtual miagp,>4M» ftctof ^ach br^ndi of which, between 
v' as r and the vei^,i8 wantii^. 
C 
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The put of the object between u' ss d and «' s /, has its imago 
beyond the gentre; it is the branch of a hyperbola conjugate to 
die first 

(36.) If the section of the object be an arc concentric with tho 
mirror, «' is constant, and 

"v-T + n^ 

is constant, or the image is also a circular arc concentric with the 
minor. In this case, the relative magnitudes of the object and 
image are as their distances from the centre of the mirror. 

(37.) We haye considered a section of the object, of the image, 
and of the mirror, made by a plane passing through the axis of 
the mirror ; if these sections be supposed to revolve about the com. 
mon axis, the section of the object will generate a i^ne, and that 
of the mirror, and of the image, surfiices of revolution correspand* 
ing to the sections. 

(38.) The case of a oonvez mirror is embraced by equation (14)^ 
if r be made negative. 

For the plane mirror, r as oo , and — ss o, whence, 
and the inuige is nmUar to the objpjL 



REFRACTION. 



CHAP. m. 

REFRACTION BY PRISMS AND LENSES. 

(39.) The most simple case of the refraction of light, is that in 
which it takes place at a plane surfiice. The perpendicular being 
drawn, tlie refracted ray is connected with the incident, by the law 
(p. 39, text«) that the sine of the angle of refraction bears a constant 
ratio, for a given medium, to the sine of the angle of incidence. 
To represent this law analytically, suppose a ray passinsr from a ^ 
rarer to a denser medium, caH the angle of incidence ^, me angle 
«ftf refractiim ^', and let the sign of incidence be to that of refrac- 
tion, as m is to 1, when m will represent the index of refraction of 
the denser medium, that of the rarer medium being iimty; w« 
have 

■in ^ : sin ^' : : M : 1, or, 

■in ^ » tn . sin ^' (17). 
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When the ny piisset from a denser to a raver medium, f' wpnr 
sents the angle of incidence, and ^ that of refiractioi^. 

If the angles and ^' be verj small, they may be taken instead 
of their sines, in which case, 

ss m . ^'. 

. (40.) The difference between the angles of incidence and reftac* 
tion is termed the demotion of the ray, for a single smr&oe. When 
the angles are very small, we have, for the deviation, 

^ — f -= ffi^' — #' Bss (m — 1) ^', 

/ ^^^'^ILZI.^ (18). 

fit 

The deviation, therefore, when the angle (^ incidence is small, 
bears a constant ratio to that angle. 

(41.) The case of the tatoL reflexion of a ray moving in a denser 
medium, and arriving at the separating surface of tl^ denser and 
of a rarer medium, (pp. 34, 35, text), is comprehended in efjua- 
tion (17). The ray passing from a denser to a rarer medium, if y 
be taken to represent the angle of incidence, and ^ that of refriie- 
tion, m will remain greater than unity, the angles being, as befixre, 
connected by the equation 

m . sin ^' s=s sin ..... (17). 

In this equation, since sin ^ can never exceed unity, m sin ^ 

cannot exceed unity, whence sin ^' cannot exceed — , (in which 

m 
case, m . sin ^' s 1,) or, the equation cannot be satisfied if sin 0' 

> — . The ray then ceases to be refracted; it is wholly re- 

m 
fleeted. 

The angle, at which, light, passing, through a denser medium, 
and meeting the separating surface of me denser and of a 
rarer medium, ceases to be refracted, is found from the equation 

sin / := -^ . If the denser medium be glass, and the rarer, air, 
m 

sin ^' = _L = A , whence, ^'« 41° 48^. 
m 3 

(42.) The phenomena of reflexion might be derived, analytically, 
from those of refraction, by considering that the angle of reflexion 
is measured witii the same perpendicular as that of reflraction, or, 
is the supplement of that measured by ^', (see text, Jig, 23., p. 35), 
«^ that the angles of incidence and reflexion are equai, but on ' 
opposite sides of the perpendicular ; so that, in the case of re- 
flexion, sin ^ = — sin ^', or, m s — 1. 
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(49.) Prior. Tt. Ti dettnn&a the cmim cf a ilngle ttt^, tft of a 
rnnda penfitt of ro^tii rifrdcted hj a prim, {Fig, 2% p. 33,- 
text) 

Let the angle, HRM, of incidence, npon the lli-st snHkce, 1dI» 
called <p ; ITRNf the corresponding angle of rcfhiction, ip' ; H'RN^ 
the angle of incidence on the second surface, ^i' ; fi'|^6', the angle/ 
of emergence fiwn th^ prion, ip ; tfie angle, u*, of the prism, a. 
The dngles, RA^^ ARRf, aiid AltR, together, ar* eqnal to two 
riffht angles : bnt if JJJT =^ 90o — /, and ARR t±= 90o — ^^i' 
whence, 

a + (90 — ^0 + (90 — '/'') = 180, or, 

The «ngle- of total jiepiaHoHf PJPHr i» oqqal to the »m ef Oe 
iptiai deviations, ER^ and J^RR, that is^ calling the devi»-' 
tion i^ 

BUt^-^f ^-^f -^ ^', tiif, 

a « ^ 4- ^ — C*' + t/0, or, 

«5=S:flf 4^J^* . (36). 

Thitf Tslne of th^^ deviattioiif contains the given azalea ^ and Oy 
and the angle ^, which may he found by mtens ef the r^btnut oi 
Vi ^'t ^'t u^<l ^1 <U9 given by the following equatiDns : , ' 

sin ^ s=s nt .sin ^' .... . (17), 

t^' = a — #' (19), 

ah \p SB m • sm rp* (1'7')* 

(44.) If we suppose the angles very smaB, w6 have, from (17), 
^ ±= m/, whencfe, 
^— 0'=:(m — 1)^'. 
Also, from (IT), 

^ — ^'^ (m — 1) x)/i and 
J=.^^#' + ^-,f/=,(«--l)(^'4.^'>; . 

but (19) gives 

#' 4. ^ « «, wheiioe, 

3 = (m — l).a :(21), 

a value depending^ only upon the refractive power of the material 
of the prism, and upon its refracting angle. 

(45.) There are two other cases in which the deviation, as given 
b^ equations (20), (17), (17'), and (19), ntoumes a somewhal 
simple ibrm. These we tfhall connder, in olrder. 
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(46.) Pro^. X. 7b find the dsviation of a ray, or of a tmall pencil 
of rays, incident perpendicularly ^on one of the eurfebcet ef « 
pnem* 

When the incidcDoe upon the first surface is perpendicular, ^ ai 
' 0, and 0' 8 0| and equation (20) becomes, 

and (19), 

^' s= a, whence, 

sin ^'ass m . sin t/'' s= m . sin a ; 

but firom the value just fi>und for ^, we have, 

\^ Bs a ^ ^, whence, 

8in(a-(-^ = fn.sina (22) : 

from which equation, h becomes known when a and m are given; 
or, 

_ 8m(g.f ^) 

m sr ; — : , 

sin a ' . 

may be found bj determining i and a. This is one method of 
determining the refractive power of a eubttance. Another method 
is furnished by the next proposition. 

(47.) Prop. XI. 7b determine the deviation of a ray, or of a omaU 
pencil ofraye, wfien the angles of incidence and emergence are 
equal, {Fig, 20., p. 32, text) *" 

By the condition of the question ^ b t^, and once, firom (17), 

. .# sin A J • 1/ sin xb 

sm ^ = — I. , and sm ^ = 1 , 

m m 

rin ^' ss sm if', or, ^' b %f/, 

£qua;t]bn (19), gives, ^ 

2/ = a, or,. 0' SB ^, 
* ** 

and from (20), by making ^ =s t/', 

a s= 20 — tf, and # s= iii . 

Substituting these values for ^ and 0' in (17), it becomes 

Mn — (a 4- i) « m . sin -g- « (23); 

an equation from which i may be determined when a and m are 
given. 

By transmitting light through a prism so that ^ s V^, we have 
a method of meaouring the r^raetive power of the substanee of 
whioh it is composed, for, 
C2 
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sin i Qi 4. ^ 8s m . Sin i ff> t^hdne^ 

^^sinjjajj) ^5^4^^ 

sin i a 

The equality of the angrles of incidence and einCTg^ilce hiaj be 
ucertained, by measurement, with the instmmeht which has \ieea 
devised for this purpose, or by the fide of the proposition which 
ibllows. 

(48.) Prop. XII. 7%e angles of incidence and emergence^ of a ratf 
passing througA a prism, are equals whefh ^e deviation is a 



The proposition requires the deviatfbii to be a minimum. We 
therefore find itd value,- differenttate it, and put the -differential 00- 
cffioi^t equal to zero. The value of the deviation, firom equatioQ 
(20),i8, . 

a=0 -f->l,'— a, 

the differential of whidi, a being; cbUBtaiit, is, 

tfa ^ <20 4. ^W/,' whence, 

di^ d^' 

^ Equatibii (19)^ is 

by the differentiation of which, we dbtAiii 

d<p! 
From equation (17), by a similar prdci^ss, we have, 
<I . raii ^ s^ m . rf Bin ^', of^ 
cos ^ . J^ = m . cos 0' . di^\ ^ 

cos 
In like manner, we obtain, by di^erehtiatihg (H'),' 

d>\,'^m.^^.dV. 
cos -4^ 

Dividing the seo(md of these equations by the firflt, 
J., d^ COS0'. cos -vl' d<p' 

£* i^ ^ ^^^'*^^^ 

d^ cos ^' . coi '^ 



ctf AP. iii« ^ nerRAcnoif 






s 


M 


Substituting this value for --_ in the 

above, it becomes, 

di cos . cos 
a^ cos ^' . cos 


valuts 


df 


d^ 


found 


nI/' 






^' 








This value found for the difiereniti&l coefficient of a, is 
made equal to zero, whenc6. 


to he 


cos ^ . cos -4/ 1 


.(25); 









cos f' . cos -At 

an equation which is satisfied if ^ &±: >!/, or Me itngUe of incidence 
and emergervce are e^oL The method of using this proposition 
is descril^d in art. 35, pp. 33, 34, of the text 

Refraction by Lenses, 

(49.) in discussing the subject qf refraction by lenses, We shal] 
Consider the refiracting surfaces as spherical. Tlie pencil of inci- 
dent rays will be, first, assumed as indefinitely sma11,atid the tfaick^i 
hesd of the lens neglected ; next, the correction for thidaleis will 
te introduced, and, lastly, under the title of Ahemition of Z>h^#, 
the case of a pencil of any magnitude vdli be conilidered. RefiraG< 
tion through spheres and parallel plane surfiices, will be deduced 
Jrom a consideration of the general case. 

(50.) Prop. XIII. 7b determine the cimrse of an ind^nitely small 
pencil ofi-aySt passing from a rarer to a denser medium^ through 
a spherical surface, 

Fig.D. 




Let E be the radiant point of a small pencil, of which EVia 
\he axis^ and ER the extreme ray ; the ray Jjjfj, pasiSiiig into the 
denser medium, will be fefiracted towards the perpendicular, CR^ 
n^aking the angle mRM less than JBfiC, and in such a firoportiott 
ftat sin BRC : sin ^itM : : f* : 1, m reprMentlng the indet of 
l«ftiN^dn tf the ^BUDSm mmnA i 'tint if tfafa mer mwHam Uix^ 
unity. 
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CaU EVmm u, FVwm u\CV^ r. In the triangle, ERC. we 
have, 

EC rin ERC 





ER 


sin ECR ' 




in FRC, 










FC 


sin FRC 






FK- 


tmFCR 




ttyiding the firit of these equations by the second, 


EC 


FR_ 


•^^^^. and since 


ER 


FC 


msiFRC 




dnERC 


sstn.tantnRM^m 


. sm FRC, 




EC 


FR 














ER 


FC 





The pencil c^ rajs being very small, the point R is very near to 
V, and ibr ER and FR we may take their approximate values 
EV and^FF, whence, FC « JBF— CF= « — r, and FG =. 
FV — CF « «' — r. Substituting these values of EC and JFY7, 
and the values of ER and FR for those lines in the equation juai 
found, it becomes 







tt- 


a' — 1 


■ = w, or. 






m . 


«'— r. 


and, dividing by f, 


r 


tf 


m 

r 


m 


, or, by transposition. 




m 

7"" 


2^ 

» 


fit — 

r 


~ (26). 



(51.) This formula may be adapted to all cases of a rmall pencil 
incident upon a spherical surfkce, by a conventional mode of etm* 
sidering the algebraic signs, of the different quantities involved in 
it Let 'us, as in reflexion, consider u, u', and r, essentially potu 
Hw when the radiant pcnnt, the focus, and centre, arc, respectively, 
in front of the lens, ntgativt in the contrary case. 

The pomtive sign of h' will, then, correspond to an ttmigtnary, 
or m'rtuoi, focus. ; and the negative sign, to a real focus. This it 
is important to the student to recollect, since the reverse has been 
the case in reflexion. 

It would hardly be useful to discuss the variations of formuk 
(96), by ofaanges m the qoantities concerned in it, since we oiusi 
consider, in nfractian by lenses, the action of two surfoces. 
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(52.) Prop. XIV. Th detttinihe tke course of a mtiall pencil ofravM 
falling ufon d leris; the radiant point of the pencU being in Une 
ojns of the lens, 

fig. B. 




Let ER^ as befor^ be th6 extreme ray of the peneil, EV the 
ibds of th^ peneU abofd 6f tl^e lens, JtM the ray refracted at the first 
tVirfiice, OR the r&dhis of that siirlaoe, li the |x>iht In which RM 
meets the second surface, CM the radiiis of the second surface 
4ftiw» to ttie fobit Ji: Pfbdwiiisr iVA uatH ii mdefii Ihd ixu^F 
is the virtual focus of rays refract fay the firsi Hatfyica, SiaM 
the refraction at M is. from ii denser to a racer medium, the ray 
is refracted flcom the pei)M»idieulaf) kkkt^tiie direetioft MN, which, 
prolonged until it intersects the abus, gives F^finr the firtual fixms 
of the pencil refracted by the lenik ^ 

Keeping the notation of the last pn^xSl^ition £l^s tf, FVss u , 
C Fss r, and the'e<{iuition for refraetioii at thfe first siirfaoe is, (26), 



u' u 



Ji_ JL=^±1 (26).. 



The equation fi>r the refractioh at the second surface may be iiu 
ferred from (26),' or may be obtained directly, by proceeding in die 
triangle^ FMC and F'M(T^ as was done, m the last proposition, 
'mERCsndFRC. Thus, 

F& _ sin FUa ^^ F'C __ sin E'Mq 

FM onFCM" FS smFCM* 

and, by division, 

FC F'M _ sin FMO __ 1 

FM' F'C ^rnF'MC m * 

Call VV, the thickness of the lens, t; E'V^Vi CV^r ; then 
Fr=u;-f «, JW?'=tt' + « — r', and F'C'=» — r'. These 
values being substituted, in the equation just found, instead of Filf, . 
F'itf, iiiC, we have, 

"' + *-''. 1-!L- = J_, whenoe. 
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— '"• - yf+'t -"^- 

9 V , « -f «/ 

daiSng by r't ui^ odUecting the terms, 

1 m __ 1 — m . 

T" ti'4- I ~" r' ' 

m being greater than unity, the aign of the Mcaod member u 
really negative, and as it will be convenient to show this, wo 
change tlM ibrm of that member, and the equation becomes, 

J- «. *" = «. ^Lui (27). 

V u' + t r" ^ 

This if the general equation between «', v, r', t, and m, which, 
oombined with (26)t will determine v in terms of u, r, r', t, and m, 
all of which are given quantities. 

(53.) If the tUdbiest of die km is so small thit it ffwy it 
m^^eeUd^ equation (27) becomes, 

2- _ :^ = - HLpl , bul^ from (26), 

fif u r 

JL 1 m — 1 _ _ w — 1 ^ ^j.^ 

V u r i' 

1 L=(m-l)(-L«J^\ (28).' 

Since JL represents the divergency, or oonvergency, of^th^ 

incident pencil, and — that of the refracted pencil, we deduce, 

o 
from (28), that the difference cf ike veigenciee of the refracted and 
incident pencils is a constant quantity for the eanke lens. 

This formula applies to the diflferent cases of the incident pencil 
and lens, as in the single surfitoe (art 51), if we cansider the dis. 
tances of the radiant point, focus, and centre, positive when in 
front of the lens, and negative in the contrary case. The same 
remark applies to the general equations (26) and (27). 

(54.) In most of the cases which occur in practice, the tliick. 
Hess of the lens may be neglected, and, therefore, equation (28) is 
applicable to them ; in all cases this equation determines an ap. 
proximate value of the focal distance, to which a oorrectioii for the 
thickness of the lens may be, conveniently, applied. 
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(55.) To obtain this eorreetion for ihtehuBB^ expand .J!! 

in equation (27), into a aeries, by division, 

w _5_ ««?!!. 4- !??? IE &C. 

If the thickness of the lens is not very great compared with the 

distance of the point F, the powers of — - » higher than the first, 

u 
may be neglected, and we have, 

m m nU 

Sabstitating this value hr . "* in (27), it becomes, 

or substitatmg fix — its value from (26), 

_1 1 m — 1 , mt m — 1 

by transposing and collecting the terms, 

j.=4.+(.-i)(A_4)_-. <«, 

in which we perceive the approximate value of JL given by 
equation (28), and a correction Hz^ for the tkickneu of the 



(56.) Prop. XV. 7b determine ike form cfa maU pencil refracted 
by a medium^ hounded by parallel planes. 

For plane surfaces, r and r^ are infinite, whence — = e, and 

Equation (28) becomes^ 

^ L-=o.or, JL=-L ....(30). 

V U ' V u 
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The ver^ncy of the refracted pencil is the same with that of 
the incident pencil, when the plate ie indefinitely thin. 

(57.) Applying^ the cocrectiqii firom ef^antioa (39), we obtain, 

1 _ 1 ml 

but, ttoof (21^, hj Biakingf .^^:^ o. 



^ rr -i-.^ whepcq, fi'wm* 



Substituting this vtUua.of u' in that last given, for — , 
V -I* "" myt^ 

Equation (31) contains the liieory of refiractbjr plates of oon- 
■iderable thickxiefls. 

(58.) If the incident rays are parallel^ _ =7 0, and — r= o, 

■ u ' : » ■ 

or, V = 00, or parallel rays are unchanged by the refraction (fig. 
23, p. ae, teart.) 

(59.) The value of i. for ^ivfrgi^ ff«^|^i!fW;bgr (?1), m pufU 

tiYe,jer<},.qr negative, .a«cordiag V 9^ Ivive 

l>A,l=r^l<jt,thatis, 

as t < mu, t = mu, t > mu; in which m is greater than unity. 

For ordinary cases of relation between u, and I, (t < mu) — is 

positive, and therefore fhe fbcus ipiaginary,or tjbe rays still diverge 
after refraction. As u is meafiured from the first surface, and v 
from the second, the effect of refraction in bringing the object 
nearer to,.or 'removing it &rther from the ^te, is not expressed by 
the relation ofv and tc, but by that of t> — i, and u. To ascertain 
the ef!ect<»f refraction in this point of view, we take t^e value ot 
« in (31), or, 

fnu> 
V = -^ — J 

;»« — « • ^ 
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lliis, by dividisig and negfecting the powers of % abore the first, 
gives 

o &= u ^ — , whence * 



» — < 



+ *(i-0 <^^- 



In which since m > 1, — < 1, and 1 is subtractive, 

lit m 

4>r, o — ' t < tf ; the point of divergence, therefive, is brought 
nearer the first surfiiee by the distance, < / 1 V 

3 11 

In a glass plate, m = 1, and 1 L = ±. The point of 

2 fii 3 

divergence is, therefore, broqght neater' the first sorfiioe by one 
third the thickness of the plate. 

For. water, m ss w_ , and 1 = -j- . 

(60.) If the incident rays fmuoerat^ u is negative, whence 
from (31), a --© 

J.\=«JL(l+J,) (33), 

o » \ irk/ 

in which — is always negative, aad, therefore, the rays still con- 
terge. 
Proeeediiig to find the vaiae of o — t, as before, we have 

TOtt2 ** t 

«_«=_(« + *a-^)) (H) 

from which it appears that the focus is farther from the first surface 

than the imaginary radiant point, by the distance til 1, 

The reverse of the result for diverging rays. 

(61.) Prop. XVL To determine the form of a $nutll pencil of rayt 
refracted by a double con/oex lent. 

We will first consider the case in which the thickness of the 
isns may be neglected. To this, equation (28) will be adapted by 
D 
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makinur r, the radios of the fint surface, negative, since its centre 
is tamed ftom incident light This gives 

since — represents the vergency of the refracted pencil, and — 

that of the incident pencil, and — — — is negative, m,r,r\hein^ 
V u 

constant, for the same lens, we infer that the divergency dettnyed^ 
•r ecnoergeney produced^ by ikig lens, tf a eomiant quantity, 

<G3.) Forjpora^ rays, — = o, and 

In the refracting media of which lenses are made, m > 1, and 
this value of — is negative : hence the focus lies behind the lens, 

V 

and is real. For the distance of the principal focus we have h^ 
taking the value of v from (3G), 

»= ^--^ (37). 

TO — 1 r 4- r 

t£ the lens is of glass, m = -^ , and r- &s 2, whence. 



" = -—+-7' 
corresponding to the rule given in the teit (page 42). 
If the glass is equally convex, r =s r^, and 
2r3 



The principal focal distance is equal to the radius of the sur&oes 
of the lens. 

(63.) The principal focal distance may serve as a convenient 
term of comparison for the focal distances of diverging and con- 
verging rays. Denoting it by/, we have the value of/ given "by 

(37), and. of — by (36), substituting in (35) -1 for its equal; and 

transposing, we have, 

111 

— s= 7- (38). 

V u f ^ ' 
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(64.) Diverging rays. Equation (38) applies to this case. 
From that equation it appears that for the same lens, the 
Tergencj of the refi-acted rajs I — . j is less than the divergency 

of the incident raTS f — 1 by a constant quantity /— \ de- 
pending upon the index of refraction of the material of the lens, 
and upon the cunrature of its surfiioes. 

If u >/ (Jig. 29, p. 43), — < -L , and JL is negative, or 
u f V 

the ravi are brought to a ^us. The reciprocal of the focal dis- 
tance IS, firom (38), 



V \f u)' 



Snioe -i L < _ , _ < JL , or « >/, and the Ibcua 

is fiulher nom the leoi than the principal focus. Aa the radiant 
point approaches the lens, — increases, and, of course, — , or 

l« V 

1 L , diminishes, or « increases : that is, as the radiant point 

/ « 

approaches the lens, the focus recedes, and ?ice versa. 

^-^4 = -(t-f) = -¥""'' = 

— 2f. The focns is as far from the lens as the radiant point 
If the rays proceed from a point as far firom the lens as the prin* 

dpal focus (as firom (y%fig* 29.), u «/, and — = «,' the re- 

firacted rays are paralleL 
The radiant point being still supposed to approach the lens, wo 

have tt </, or — >-=-» 7-. or — ,is then positii^ 

u f u f V 

and the rays are no longer brought to a focus. 

(65.) Equation (35) will give the value of the focal distance for 

diverging rays : to determine this, transpose — and bring the 

terms on the right-hand side of the equation to a common denomi* 
nativ, whence, 

1 _ tf-.(m-l)(rJ.O .„^ 

t urr* 
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^ un^ 

* rr'— tt(m — iXr + O* 
or changring the sign to corresfoiifl to a real fixms, to which we 
have found tlie rays to be brought as long as ti > /, 

urr^ 
^ * ~ ~ t* (m — 1) (r + O — rf' * 

3 1 

For a glass lens, m = — , and m — 1 = _- ; whence, 

^"'^ .(40)* 



This value of o ^ves the rule found in art 45, of the text The 
arithmetical operation there directed is changed ibr the subtraction 

of tt (r + O from Siy, when 2rr' > n (r + Of or a < — iZ- , 

or « </; the algebraic expression shows by its ehange of ago* an 
that case, that the focus b imaginary. - 

If r fis 1^, or the lens is equally convex, (40) beeoiMi 



2ur — 2r« 
ur 



, or, 



tt — r 
agreeing with the rule just referred to. 
(66.) For coneetging rays ftlling upon a doidile ooovez fens, we 

make — , In equations (35) and (38), negatiTe, wiienoQ, 

u 

-r — [■f+<"-'>(-7-*T^)] ""•"' 

V = -(4- + f) •••'"'■ 

Tlie sign of — being always negatiTe, whatever be the rela 

e 

tion of tt and /, the focus is always reaL Since 1 — L. ^ 

- , the oonvergency oi the rays is increased by refraction. 
u 

Taking the value of 9 from (41), and making, in it, m = ~-^ , 

as was done in the case of diverging rays m the last article, wo 
find for a glass lens, 
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„«. ^ml ^43). 

tt (r + r*) + ^rr' 
Por a gla$8 lens equally coR9e», we have, 

t ^ (44). 

These valaes for the local distance give the rules on p. 44, of the 
cezt 

C67). In what precedes, we have neglected the thickness of the 
lens, and next proceed to show how a correction, for the effect of 
the thickness, may be introduced. 

Prop. XVII. 7b show the method of applying^ to ihe approxitnaie 
foQ/d length found for a douUe convex lens, a correction for the 
^ect of the thiekness. 

As an example, let us take the case of parallel rays falling upon 
tihe lens. Equation (29) is applied to this case bynnaking r nega- 
tive, whence, 

-L=_L_(„_1)(J_+ 1\_4 (45). 

' And for parallel rays, for whidi JL = o, 

i.= _<._.,(i.H.J,)_- <«, 

Equation (26) adapted to the case of a convex surface, gives, 

m 1 m — 1 

tt* » r 

«nd for paraBd rays, _ 

^•=_5ZZl, whence, 

m _ (m -- I)^ 
ti'a mr^ 

Substituting this value of JUL- in (46), we have, 



i.=_<._«(i.+-). 



(.-iiU „^ 



mr 

1 _. 1 im-l)H _. /47X 
f, "" / mr^ 

To determine from this equation the oorrecdon tc be applied to 
the focal len^, «, we reduce the terms of the aeccod men^ber to 
\ common denominator, whence, 
D2 
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V tnr'f 



mr^ + (m — lyft 






tfiH + (m — l)2/t 
Dividing, and neglecting the terms eontaining pofwen of < 
higher than the first, / 

the correction which is to be applied to the ibcal distaboe oMained 
by equation (37). 

When the lens is equican-oex and of gla9^ we find (art 63) that 
/ ss — r, to which a correction, 

«a.f- <i>!_Li!i- I* 

2 

is to be applied. The sign of the correction is contrary to tl^at 
of the fi>cal distance, and Uie effect is there&re subtractive. The 
corrected focal length is 

Dr=— y + Jt. 

(68.) The method which has just been shown gives, at Iast» 
onlj an approximate value of the focal distance, which, however, 
is sufficiently accurate for all cases in whidi the thickness does 
not bear a considerable relation to the focal distance. In the case 
of a sphere used as a lens, the thickness is too considerable to use 
the method of correction already exhibited. 

(69.) Prop. XVIII. To find the focal length of a gphere fot 
parallel rays. 

The supposition that the rays are parallel simplifies the qoestioOy 

without deducting much firora its utility. Since — =0, equations 

n 
(26) and (27) become, by making r negative, 
m fit — 1 

V" — - (^«"'» 

1 m m — 1 ,^^^ 

For the sphere t ss 2r, r :s /; and (50) gives 

V m' -(. 2r y ^ ^ 
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- , whence 



tt' + Sr = 2r - 



mr flmr — 2r — rm 



m — 1 m — 1 

m — I m — 1 



.or 



Sabstituting this yalue of u' ^ 2r in (50), 

1 m{m — 1) m — 1 
V r {m — 2) r 

JL — m(m — 1) — (w — l)(m— 2) ^ (m — l) (m — in ^2 )^ 
V "" r(m— 2) ^ r(m — 2) 

tad 

1 _ 2(m-~l) 
T^ r(m~2) '^^"*^ 
^_ r(m — 2) 
2(m--l)' 

llie value jost found is the distance of the fdcns ftom the tttbod 
mirface ; cidl / the distance from the centre, then 

^ r(m— 2) 

•^= '-'■"' 20^-'' 
or, bringing to a common denominator and reducing*, 

!rhe rule on page 40 of the text, is given bj the value of / jufet 
found. 

If the refracting sphere beofta&a«fteer,fii «s 1.1 1145, and/ ss ^-5r 
of course FQ (fig. 26, text,) = ^ 4r. If the sphere be of water 
m = 1.3358 and/ = — 2r nearly, or FQ (fig. 26) =s — r. For a 
sphere of glass, m = 1.5, / *= — IJr, and FQ sis — Jf . For a 
sphere of zircon, m = 2, / = — r, and FQ *= o. 

(70.) Returning to the discussion of the firmttla ftr th^ refracted 
pencil when the fens is indefinitely thin, we lake vp the oaee next 
in order. 

Prop. XIX. 7b determine the form cf a rnnaU pened after re 
fraction by a plafuhconvex lens. 

As in other discussions, the reftactive power of the substance 
fftheleneieaMitmedteeKoeedthAtof the medHidi ttttbiMd by 
1keiaddBatpmi^9rm>h 

ThequestioD obvioosly iiMhidM tw9 cmmi ml Hm mm, tilt 



— =0* whence finom (28), 



11 , niANo^x>9ysx uns. awbivvec* 

pline sidj is turned towards incident light, in the other the enrted 
ade is thus directed. 

(71.) First; wKen the fiane nde is tumqd to meidmU rmja» 

DC finom (28), ' 

±-±L-'!L=l (52). 

V u r 

From this we infer, that the divergency deatroyed, or eontergeney 
produced^ by thi$ Zef», i$ a consUnt quantity, as in the £>uhle 
oonyez lens (art 61), but the effect is less than in that lens b/ 

— '^ — , the power of the first surface ; it is not necessary, there. 

lore, to carry out the discussion of the properties of this lens. Ther* 
will be no correction for thickness, >fi>r parallel rays, no refiraction 
being produced by the first surface. This is shown by the analysis, 

the term -7^ (in 29) vanishing, since from (26), -7 = . 

Hie principal fi)cal distance given by making — = in (52)i 
and inverting, is 

For « gU$$ lena, 

(73.) Second : when the convex tide is turned to incident light, 
--;- ^= 0, and r is negative ; ihxm (28), 

J— -1 "JL^l <53). 

V u r 

The eflfect is, as in the first case, to deatrvy divergency in the 
incident pencil, or to produce^ or inereaee, conver^eney; and if we 
suppose r ss r' , that is, the same lens to be used m boSth cases, the 
efi^ produced is the same. 

For the principal focal distance, 



and for a glass lens, 

/=--2r. 

(73.) Tlie thickness of the lens produces in this ease an efBodt 
on the principal focal length, since the rays refiraeted by the finl 
mfiMe &11 oiklaquely upon the seoQod. 
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Tb introduce the correction into the valoe of the principti &cal 
iistance, wo recur to equations (26) and (27) ; making, m theses 

r negatiye, — ~ =s o, and — =3 o, we obtain, 

V- 7--. ;••(«). 

J HL. (55). ( 

The TBlue of t^ finm (54), is 

^ — -ra*"^ 

andnilMti^ttiii((ferii'4. f tiie vahie jtist finmd, 

• — -^-^--^ (S6). 

The oornectian, therefinWii shortens the approximate focal length of 
the lens hj — ^th part of its thickness ; if the lens be of glass^ 

» = — 2r + |liar, 
» = ^(2r — 10. 

(74) Prof. XX. 7b determine the form of a tmatt pencil^ after 
rifraetidn by a doMe concave tens* 

In this form the radius of the first suiiace is positive* that of the 
second negative. When the thickness of the lens may be neglect- 
ed, we have from (2% 

J._i. = («_l)(l + ^) (57). 

and where an approximate value of the thickness may be used, 
fiNim(^,) 

^^_ = («^1)(-, +-,)«_ (68), 

m which tt' is determined firom equation (26), or 
—r = 1 : — (5W> 
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<75.) Wlien the incident nyi are parttUel, (fig. 31, p. 44, text,) 
(57) gives 



4 = <— >(t + 7) 



or caUingr f the principal fi>cal dJBtance, and determining it firooi 
the equation just given, 

This value being positive, the focus is ima^ary, and at a distanoe 
expressed by tl^ product of the radii divided by the index of 
refraction, less one, into the sum of the radiL The rule cor- 
responds to that for a double convex lens; in fiust, equations (60) 
and (37), diSkr only in their sign. 

(76.) Diverging rays. In this case — is positive, and, tiiere- 

tt 

^re, as long as m > 1, the value of o, from equation (57), wiH 

always be positive and the locus imaginaiy ; since 

-i=-i+(m-l)(-i+^).....(57). 

k appears that — > — , or the dxvergeBcy of the rajs is xncreaB- 

ed by the refraction, (fig, 33, text) 
In a glass lens, 

1 1 , 1 / 1 , 1 \ 

Surf' 



2r/ + u (r -f O • 
whence the rule on page 45 of the text 

(770 When the rays converge, — -is negative, and (57) becomes 
u 

-L=_i. + („_i)(±+^)...;.(6i); 

The pencil still converges, is rendered parallel, or diverges, aa- 
wording to the relation between — and (m — 1) f 1^ '7'p ^ 

Its equal -y . If — ^ _— or n > /, — is positive, and the 
J u J V 

rays still converge ; if — = -j- , op ii = /, — = o, and the 

u J V 
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refincted rays are parallel; if — > -^,ot « </, — w nega. 

five, and the rays are brought to a focus. This real focu& is as far 
behind the lens, as the virtual fi>cu8 of parallel rays is in fiont of 

itif tt — J-,oT— =-^: for then ^ 4- -— » 1- 

i^ u » _ 2 , or ^ — ^ , lor men u ^ f f 

and V ss — /: the distance exceeds that just named if a > -~- 

when we shall have — <-?- and — U —^ < , or 

u f ** / / 

— < rr and v > — / : the reverse will of course be true if 

• / 

If, as was first supposed, u > / or — <...;py{houfh the rayt 

«* . / 
still converge after refraction, they converge less than before it, for 
1,11 

We shall not introduce the correction for thickness, as it would 
be determined by the same method with that for the double convex 
lens. Practically the thickness of double concave lenses is of little 
importance, since it is least at the central parts. 

(78.) Paop. XXI. 7b determine the form of a 9maU pencil qfroyt^ 
after rtfraction hy a plano^oneave len$» 

First When the concave side is turned to incident rays, Jl a 

r' 
4, and r is positive ; equation (28) gives 

J__JL=(2z:l) (88). 

V u r ^ ' 

The dirergeney ]»oduoed by this lens is, therefore, less than: 

that produced by a double ooneave lens, by ^"* / , the eflfect of 

the second surface. 
.Second. When the flmne side is towards houadent Mght Then 
— = 0, and r' is negative, whence, 

1 l.^('»-l).....(63). 

v^ u r 

agreeing with the expression found above, if the lens is the samt 
in each case, or r » f'. 
(79.) The next fimn to be considered is the meniscus. 
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Pkop. XXIL 7b determine the form vf a email pencU (flight efier 
refraetiou by m menieeue. 

When the eofimex side of the Bnenieoiui it tained towaide ineU 
ikxA %ht, Uie sign* of both r vad r^ are negstiTO. The genend 
ibrmiila (28) gives 

i-f=-'-'>(-i-7) '«^ 

in which, by the nature of this leaa^ / > r, or _— - ^ — ^ 

From this relation of JL and . L it follows, that L. 

r r r r 

is a positiye quantity, and therefore the sign of the right hand side 
of this equation is negative. The equation corresponds to that ^ 
the double oonvex lens (35), but the divergency destroyed by the me 

BiMos is (m— 'l)^J: L\,whaethatbythedouUeooaTex 

lens was (m — 1) I 1. JL\ . 7%e power ef ike memeeuM 

i» the difference hettoeen the powers of tie two eurftuike, 

(80.) When the eoneavity of the meniscus is turned to incident. 

light, t and r^ are positive, and r > /, or — ^ — • 

r r' 

Equation (98) applies directiy to this case, and 

j._i.._(._„(j,_±) <»> 

Since .— < , _ .» JL is a positive quantity, hence JL 

r i' r' r » 

.^ JL is negative. Equations (65) and ($4) are identical, ihe 
« 

smrfiice which first received the incident rays in the ease of (S4), 
being now the second surface. 

(81.) For the focus .(^j»ratfe/: rays, we have, from (64), » 

/= \—.J^ (66). 

m — 1 f^ — r 

(83.) The formule just found for the meniscus apply to the eon- 
i^oo-cosvex loos, reeoUecting that when the convexity is turned to ' 
mrident light r> r'^ and the reverse, r' > r^ when the concavity 
is ttius turned. 
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For the first of these cases we have (64), 

4-- 4-=-'-') (4-- 7) <«>• 

which, since -L. < -L. , will he more expressive if written 

-i-i = <— >(v-7) 0^ 

The' second member of this equation is positive, and br referring 
to the case of the double concave lens (art 74), we shall find that 
the convergency destroyed by the concavo-convex lens is the d^er* 
ence of the effectt qfitt two surfaees^ while in the double concave 
lens it was the sum of the same effects. 

It is obvious that turning the concave side of this lens to inci- 
dent light does not alter the efiect of the lei^s, as was shown in the 
case of the meniscus. 

The virtual fi)cal length of thb concavo-convex lens for parallel 
rajrs, when the convex side of the lens is turned to the mcident 
pencil, is 

/= V .-!i: ...(68). 

m — 1 r — f' 

(83). For two epherieal wtfaeet of the 9tme curvature^ we hava 
r = /, and (28) gives 

» "^ tt 
The effect is that of a plane glass. 



fi 
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CHAP. IV. 

FOtlHATION Ol^ IMAGES BT REFRACTION. 

(84.) 71m snbject 6f the fbnnfttioB of images by lenset becomes 
simple, by introdudng (he consideration of the raj whidi passes 
through tiie (wo sur&ces of the lens, at points where the tangents 
are parallel. 

Prop. XXIII. All the rovB which suffer no deviation by rrfraetiont 
by a leMt poBS through a eingle point. 




In the fignre, let RL be a ray, refracted b^ the first sur&ce of 
the lens Mlf into LL\ and finally emerging in the direction L'R^^ 
parallel to RL. Produce LL' until it intersects the axis of the lens 
m. O. Since, by hypothesis, the tangents at the points L and L' 
are parallel, the radii CL and CL' are also parallel, and the tri^ 
angles COL and COL' are similar. Whence, 

CO : CO :: CL' : CL, or, 

CO =» CO . ^ , and 
CL 

CC^CO — CO^CO. 



(If-) 

kness of the k 



Callinff CL ss r, CL' s r', the thickness of the lens « t, and 
CO ss tt, we have 
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f'— r — < = tt'./jl— l\, or, 

„'=^r — <.-_I_ (69). 

r — r 

This value of CO is made up of Quantities, canstant Sx the 
same lens ; from which we infer, that all ike rays which experience 
^o deviation in passing through a lens^ wmld^ tf produced after M« 
/irst refraction, meet tn a eingle point in the axi9 of the lens. 

This point is called the centre of the lens. 

(85.) The distance of the centre of a lens from the vertex of the 
first surface is ibund, read»ly, from equation (69) ; for, since VO =a 
CV — CO = r — tt', we have, bjf taking the value of u' from 
(69) and calling r — u\ x, 

x^r^u'^t . _L_ (TO). 

r — r 

The distance from the centre of a lens to the vertex of its ^rst 
- surface, is eqiial ti» tiie thickness of tiie lensf multiplied by the ra- 
dius of that surface, and divided by the difference of the radii of 
the two surfaces. 

In the double convex lens, r b negative and / positive, whence, 

The sign of (x) VO shows that, in this case, it lies on the right- 
hand side of the vertex. Since — Z. is a fraction, « < <, tho 

r'-f r 

eentrt is therefore betwe^i the two surfaces. * 
In the equiconvex I^m r^^^r, uid 

The centre is midway between the verticen. It m &ma Ubis mr 
cumstance that the point, which we h^Me defined, derives its name. 
The same remarks apply .to ^he double concave lens, since far that 
lenrr is positive and / negative, whence, 

M sa: .>^ . , » 

"*" *■ 
the same expression nrhich we jiave above. 

(86.) To use the position of the centre of the lens, in de. 
fermining tbi m^gst Sumsd by m object^ we obnnw, tliat am^ 
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nj of the pencil, which proceeds from every point of the 
object to the lens, passes throo^h this centre. This ray is called 
the principal ray or axis cf the pencil, and when the lens is thin 
n^y be regarded as sufbring no refraction. It does not fall per- 
pendicularly, nor nearly so, upon the surface which it meets, and, 
therefore, in strictness, the refraction of an oblique pencil should 
be investigated and applied to this case. Approximate results may, 
however, be obtained, bj taking the focal distance already deter, 
mined fbr a direct penal ; this distance being found, for the pencil 
proceeding from each point of the object, we have a series of points, 
the assemblage of whith constitutes the image. An application 
of this method is given in the following proposition. 

(87.) Paop. JUUV. Tke abject, qf tohieh the image hy a anmex len9 
u rehired, U a jiane perpendicular t» tke axie nfthe ieas. 




Let AB represent a section of the object, BiM that of a double 
convex lens, PC a line drawn from any point in the object through 
the centre, C, of the lens ; this line may be regarded as the axis 
of a pencil of rays prooeeding from P, and may, fiurtber, be coo. 
sidered to suffer no refraction. Call a the distance DC ; u, PC ; 
and the angle DCPi we have fi^m the triangle DCP^ 

a sBs ft . cos 9 , whence 



cos6 



-:r = -r---7- (38), 



but fhmi equation (38), article 63, 

JL_2 L 

V u f 

or substituting for — its value just found, 

~-^r / ^^^^• 

Tile polar equation of a eonie $ectian refbrred tp the fbeua. 
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From this equation, in&renceB mi^fat be dravn similar to those, 
ibmid in the chapter on the formation of images by mirrors. 

(88.) When the obfeet tuhitnda a tmaU angle, we may consider 
its section as a circular arc ; the image will be, also, a circalar arc, 
since if u is constant (38), v will be so ; and the arcs will, evidently, 
be similar. If the distance of the object and image^ respectively, 
from the centre of the lens, be called a and v, their magnitude* 
d and d\ we shall have 

T = T ('^' 

9 being assumed very small, equation (71) gives, making cos 9 s 1, 
1 /—a 

V af 

this value of « substituted in (72), gives 

■ T-7^a ^' 

As long nBa>-f,j^ — a is negative, and the image is real To 
show'the results of this case more clearly, put equation (73) under 
the form 

<' - f 
1 r^' 

If a > 2/*, a — / > / and -v-is a fractbn, or the image is less 
tiian the object 
When B 2f J — s^ 1, the image is equal to the object 

For a <2/*, a — f<ft and the image is larger than the 
object 

The object still approaching the lens when a ^^/t -j- » oo , 

and no iiiage is formed. ^ 

Next, if a </, equation (73) gives for 

£ f_ 

d / — tf • 
a positive value, and the image is now a virtual one, on the same 
side of the lens with the object It is greater than iJiie object until 
/ — ass/, ora = o, that is, until the object touches the lens. 

Since the rays cross at the centre of the lens, it is evident 
that when the obiect and image are on the same side of the lensi, 
or the imnge is virtual, the latter is erect ; when on difierent sides, 
E2 



y 
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ft is inverted. Tht sign of --r- , therefore, determines whether the 

in»g« will be erect or inverted with respect to the ofarjedt, the posi- 
tive sig^ corresponding to an erect image» the negative to aa 



(89.) For the imMt concave leru firom (57), article 76, 

Whence we derive, hy foUowmg the same process as fi>r the con 
vex lens, 

1 GO80 , 1 , 

— a 1- ~ , and 



an expression which is always positive, and a fraction :^ence the 
image formed by a concave lens is on the same side of the lens 
with the object, erect, and less than the object 

We have spoken only of sections of the object, image, |md lens; 
the remarks made in the chapter on the jRirmation of images by 
Aiirrors, (Chap. 11^ art 37,) apply equally to this case. 

(90.) Having found an expression for the ratio of the linear 
magnitudes of an object and its image formed by a double convex 
lens, if we would view this image at the distance of distinct vision, 
(pp. 48 and 49, text,) the appatent magnitude will be increased, 
in the ratio of the distance of the object from the eye, to the limit 
df distinct vision. Let ^ express the fbttner distance^ i the latter, 
the magnifying power of a convex lens used as above described* 
will be expres^ by 

,«^.^.or, = -.^ (74). 

where / is the focal length, and a the distance of the object fiom 
the lens. 
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CHAP. V. 

SPHERICAL ABERRATION OF MIRRORS AND LENSES. 

(91.) In the text, pages 57 and 58, the fkct is stated that tiie rays 
which fall upon a spherical mirror, at a distance irom the axis, 
are not converged to the same point, with those nearer to the axis. 
This is illustrated in the annexed figure, in which LM, LM are the 
extreme rays of a pencil diverging from L, and F' is the point on 
the axis at which the reflected rays MF\ MF' meet ; LM\ LM' 
are two rays meeting the mirror near to its Tettex A the focus of 
the reflected rays M'F and JIf 'F being at F, 

Pig. H. 




FF' is the aberration in leltgth, or Umgitudinat tf Aemiftofi, of 
. the reflected pencil, and if from F a perpendicular to the axis be 
drawn meeting the reflected ray MF in I, FJ wiU be half the 
aberration in l»eadth, or Utterul uUrration of tlie tame pencii 

(93.) Paop. XXV. 7b determine the aherratien of a ^pencil of ray$ 
r^ected by a Bpherical mirror. 

First : J'o find the amount of the longitudinal aberration. 

With the centre L and radius LM describe an lire cutting the 
axis of the mirror in E. According to the usual notation LD ss u, 
CD =: r; to distinguish between DF* and l^F, call DF'^tf 
and BF =s v, and let ilfiV ss y, the semi-breadth of tlie portion of 
the mirror occupied by the penciL 

The relation of the segments CF^ and LC to the sides Fif and 
LM in the triangle LMP, gWe« (as in Pkot. E), 

FC _ LG 

PM LM 
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BGt LM :r^ LE = LD -^ ED, and ED^ND^NE, or, 

since ND is the veraed Bine of the arc MD to the radiua CD^ 

for the same reason NE s= — -— - , or, using for LM its approzi* 
fiLM 

mate value XZ>, 

NE sn Jl- , whence, 
2u 

2 \ r tt / 

"=-t(f-v)' 

"-['-t(4-i^)]- 

Taking the reciprocal of this value of LE^ and neglecting the 
terms containing the powers of the sine, y, divided by the diameter 

du, afler iL. we have, 

LM LE tf L ^ 2tt V r It / J 

"By a similar mode o^ proceeding, using the versed sines NH 
and ND, instead of ND and NE, we should obtain 

FM FH tj' L 2i>' V »' r /J 

But F'C SB r — v', and £C 8 u — r ; and substituting the 
values of FC, F'Jir, LC and XJIf in the ratio found in the be. 
ginning of this article, 

"V~L^""27"\V T/J^ 

Dividing by r and perfi>rming the multiplications by the qu^nti. 
ties outside <^ the vinculum, in each member of the equation just 
foukd, 

»' r 21/ V t/ "" r / ~ 

= JL«J-+i^(^-^y (75). 
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*T « ua«e thofl a pfeneral relation between tf and ti in tenns* of 
the radius and seini-aperture of the mirror. 

(93.) If in (75) we use for i_ L , in the multiplier of ^ , 

V T Shr 

its approximate valae, derived from equation (1), art (7), namely 

11 11 ., .. 

= , we obtaiB 

.» r r tt 



1/ r 21/ Vr u/"^ 



\ 1 _ yf 

t/ r 20 

1 1 . t/» / 1 1 \« 



r u^2u\r uf 

ftrthw, by unng ftr /_ + JL\ the value given by (1), 

» tt r 

and substituting this in the equatbn last founds 

i,_i.= ±_JL+J^(i-_J-y.or. 

V r r u r \ r uj 

j,= -i_i. + j^(±_jLy (76). 

In this equation, which gives the value of — , corresponding 

._ tf 

to a point of incidence distant from the vertex, we find the recip- 
rocal of the approximate focal length, obtained when the rays were 

9 

•apposed to meet the mirror near the vertex, namely, — — 

r 

— , and a correi^on for aberration. This correction contains 

i!_ , a quantity proportional to the versed sine of the semi-angle 

r 

of the pencil, and therefore depending upon this angle, or the semi 
aperture of the mirror ; and also r, and u, the radius of the mirroi 
. and distance of the radiant point If these latter quantities ar« 
constant, the aberrati«n is a fbnction of the semi-aperture of ths 
mirror. The. correction for aberration is additive, showing tliat 
the reciprocal of the focal length, for rays distant from the vertex 
is greater than the reciprocal fbcol length of those near the vertex 
or that the point "F is nearer to the mirror than F. 
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(94) T^tpmnUd raft — = o, and fitrni eqaatM (76), 
iT jr ri 



2ra 4- y^ ' 

perfitrming the divuuon, and neglecting the powen of y higher 
than the 8econd» 

The eorrtetion for aherraiion m, therefisre, — -^ , or -^ -^9 or is 
* ■ 4r 8^ 

Mil^rscltM, am/ «^aZ |o the square ef the eemi-aperttfg-^ ef iks 
mirror divided by eight times the principal focallength, 

(95() Siooii»: Toibii the lateral aberration of the extreme ia|v 
The value of F/, which me&gures the lateral aberration of the 

extreme ray, may be obtained as &llows. In the similar triangles 

Jf'F/andF'MJV, 

EL=, J^, and FI^Fr.^^. 

fF ^N FN 

To approximate to the ratio — — - * F'D may be taken instead of 
F'iV, and the Talue of the aberration is 

FI^FF'^ ^^^' 

in which all the terms are known when FF* has been determined. 

(96.) We propose in this article to determine the position and 
magnitade of the physical focus of a mirror, or of the circle which 
includes all the rays of a refleeted pencil, when they lure spread 
over the least space. 

Prop. XXVI. To determine the position and magnitude of the eir* 
de of letist aberratynif in a pencil of rays reflected by a concave 
mirror. 

In the figure let ZJtf be the extreme ray of a pencil, incident 
npon the mirror, MF' the corresponding reflected ray, F the fi>cus 
of rajs vei^ near the vertex. Farther, let LP be any incident 
ray, m the lower portion of the pencil ; PR the corresponding re- • 
fleeted ray intersecting JUIF' produced in c : draw cb perpendicular 
to the axis, firom the point c. If we suppose tlie ore DP very small^ 
the reflected ray PR will coincide very nearly with the axis, and 
the distance cb will be indefinitely smafi; as the arc DP increases,; 
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the reflected rays beifig remored Either from the axis, c5, at first, 
increases ; it afterwards diminishes as the point of intersection of 
PR with the axis approaches to F\ and when DP = DM^ PB 
coincides with PF\ and ob vanishes. Between the case, then, in 
which DP is very small and DP sst DM^ there is a position of 
the incident ray LP, ibr which the reflected ray P/J -gives a mai- 
muzia valm for cb When <& is a maxiffitt&H aU the fays of the 




reflected pencil pass through the circW of which thai linn b ffa* 
radius, which is, thus, the physical focus of the mirror. Tha 
question resolves itself into determining the values of F'b and eb 
when the latter is a maximum. 

CanJMCAr,y; PT,%f\ DF,9', Dr^t/) FF\ the longitudinal 
aberration, a ; F'b =s x; be s=z x. Since (art 93) the aberration 
of a ray is proportional to the square of ths distance of its point 
of incidence, from the axis of the mirror, 

FR:FF'::P'ni MIP : : y » : y » , or 
PP' — Pi2 : PP' : : y 2 _ y's . y f ^ whence 



F'R^a. 



f^j/2 



But fixim the similar triangles F^be and P'JW, 
bcibFixUNiFN^txt 

be = bF'. . 

F'N 

And firom the similar. triangles Rbe and RTF 
Rb:bc;iBT: TP,or 

TP 

(nibstituting for be in this expression the value found above^ 

'# 



/" 
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■nd by the Dotation, 






If we approzimate, by conflideriog 22 T and F'N to be equal, 
iZi s= X . -^ , and 

Equating this value of FR with the one befi>re fi>und, 

».?^il!^==«.5!l=^. whence ^ 

y' y + y • 

At we have eappoeed the ray LM to remain fixed, and LP to take 
diflbieDt poaatioDs, and have founds 

he (or jr) will be a maximom when hi* (or x) is a maximum ; but 
from (79), j; is a maximum, since « and y are constant, when 
y (y — sO i" ^ maximum, or when 

V(y— y')«y'^or 

In that case, firom (79), 

*=-^=-^ (80),and, 

" * 1^2V "" 4 ' F'iV ' ^ 

If a perpendicular, FJ^ be drawn fivm the fi>cu8 JP, of rays in- 
cident near the vertex, to the axis, meeting the extreme ray MF* 
•n J^ by article (95), 

MN _ FI 

F^ Fr • 

_ TlfAT* 
whence the value of «, or — _ . , becomes 

4 . F'N 

« = -^ (81). 



^^ 
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From these values, (80) and (81), of x and z, it appears, that the 
distance of the circle of least aberration, froin the focus of rays 
near the vertex, is three fourths of the longitudinal aberration of the 
extreme ray, and that the radius of the same circle is one fourth < 
sf the lateral aberration of the extreme ray. 

Spherical Aberration of Lenses. 

(97.) In this investigation we begin by determining the aberra- 
tion produced by a single surface. We shall assume the light to 
pass fix>m a rarer into a denser medit^ as when it enters a lens 
through its first sur&ce. 

Pkop. XXVII. 7>i dHernwM the dberratum produced by a single 
refracting surface, 

• Flg.K. 




Let the ray RL fall upoQ the spherical surface jLF at any point 
£, and be pefi*acted into the direction LM. Continue LM until it 
intersects the axis of the surface, at F, Draw the radius CL. 
Call m the ratio of the dne of incidence to that of refraction, in 
the passage of the ray fh>m the rarer to the denser medium, the 
«ine of refraction being unity ; then, bj proceeding as in article 
* (50), Chap. III., we find 

RC _ FC_ 

RL '^^' FL' 

From the centres R and F with the radii RL and FL, respec- 
tively, describe the arcs LS and £r 7^ cutting the axis in <9 and T; 
SV will be the differenoe between RV and RL, and. TV that 
between FV and FL If the perpendicular LN be let fall, firom 
L, upon liie axis RV, SV =^NV — NS, and TF = iVK— NT. 
As in the notation of Chap. IIL, hi RV = u, FV =zu',CV^r; 
and call LN, y. iV^S is the versed sine of the arc LS, NT of LT, 
and NVof LV; and if for the chord of each of those arcs we 
substitute, as an approximate value, the sine, we have 
F 



/^ 
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m 


-URL' 


NT 


HFL' 


NV 


icv' 



or ■abstitutinr for RL and FL, the approziinate viIum RVmad 

AS=4L; iVr=-|l. Jn^ = 41, whence. 
2tt 2tt' fir 

iSF = J^— NS=: HL (1 L\ , and 

2 \ r u f 

TV = NV^ NT = JL(2 \\ . 

2 V r V/ 

From these values of SV and TV we obtain, 

RL = i2F— iSF= u — -^^i- —JLV and 
2 V r tt / 

FL = FF- rF= u' — yL (JL^ lA. 

2 V r tt' / 

Taking the reciprocals of RL and FL, that is dividing imitr by 
the values just found for those lines, and neglecting the terms whiclr 
invdve the quotients of the powers of y'^ by those of u, after the 

first terra, (-!L, — \ , we have 
\ 2tt V 

RL ttLttVr ti/2j 

FL tt' L tt' \ r a' / 2 J 

From the figure we have RC ss RV — CFstt — r, and 
FC = FV— 6f=: tt'— r, and the equation for the relation of 
J?C, RL, FC and FA becomes 

^[■+v(7-v)-f] = 

. Performing the divisions by u and tt', indicated by the terms ol 
the equation, and dividing both sides of the equation by r, 

(f-v)[-+4(T-v)*]- 
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perfonning the multiplications required by the expressions, 

i _L . ±n LVil = 

r ttuVr «/2 

J!L=-L + (m-l)± + Jd 

[v(-f -i)"-4 (f-T-n «* 

In this value of J!L. , the first two terms correspond to the 

value found, (36) art 50, on the supposition that the pencil is 
■mall, and the third contains the correction for the aberration, pro- 
duced bj-the single spherical sur&ce. 

(98.) The expression just found, may be simplified by substi- 
tuting in the terms of the second member for u\ its approximate 
vahie from equation (36), art 50. From that equation 

^ = JL + (m — 1) J- , whence. 

u' u r 

i-= l-(JL+(m-l)jL\,and 
u' m A tt r / 

±_Jt,= _L_-L(_L+(m-l)±\.or. 
r tt' r m \ a r / 

• J__J,= J_(i__-L\..nd 
r tt m \ r u / 

\r tt'/ ffi^ V r tt / 

In <^er to reduce, with greater oonvenience, the coefiicient of 

JL- in (82) to its simplest form, call that eoefficient ib, then sub- 
stituting in it the approximate values of JUL. and f — , ^ | , 

just obtained, we have, 

\tt r / m^ \r u/ 

_i-(i._J.)*.«. 

tt \r tt/ 
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'=(I-t)'[==(t+<— 4)-4-V 

\r tt/\r u/ m^ 

whence (82) becomes 

tn 1 m — 1 , tn — 1 

, tt' "" T ■* r * m^ 

#-=fl)(f-T>-* <^ 

(99.) When tfae^sur&ce is conyez, r is negative, and (83) takes 
the form, 

m 1 t»^l m — 1 

•(f+^)"i(f+f)'-f--<"^ 

And fi>r ccmverging rays, u, being negative, 

tfi 1 m — 1 m — 1 

(f-=^)"(T-|)"-f""-<»» 

The term in (85) which contains the correction for aberration, wiB 
vanish if either of the factors composing it should be equal to asera 
First, let * . 

i--i!L±i=o,thenfL±i = i-.or, 
r u u r 

1 : r :: fit -f 1 : tt. 

fhere is, therefore, no aberration for converging rays, filling 
upon a convex spherical surface, when the distance of the radiant 
point is a fourth proportional to 1, r, and m -f 1. From whence 
the result on page 56, of the text, is easily deduced. 

Next, let 

= 0, and tt = r, 

r « 

or the incident rays converge to the centre of the spherical surface. 

JIOO.) In art 42, it was remarked that making m ss — 1 in 
the formulas for refraction, the cases would represent the cor- 
responding ones in reflexion. Making m s — 1 in (83) we have^ 
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u' u r r \r , u J 
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or, 



« • r tt r \r u / 

a resiiH which agrees with equation (76), art 93. 

(101.) Prop. XXVIII. 7b determine the aberration in a pencil of 
rays, after refraction by a spherical len$. 



fV-L. 







R being the radiant point of a pencil of rajs fiLDing upon the 
lens LVV'L\ let RL be the extreme ray of the pencil, and R the 
virtual focus of the extreme rays, afler refraction by the first sur- 
face of the lens. If now we suppose a pencil to proceed from iZ', 
considered as in the denser medium, tlie extreme ray of this pencil, 
RL\ will be refracted into the direction, L'M^ which, if continued 
backward to jP, will give the virtual focus of the extreme rays. 

As before, represent RVhy ti, RVhj u\ and CL by r '; &rther, 
let RV=v\ F\r=z ©, atJ^r', and FF' = t. 
By the preceding proposition (equation 83,) we have 

m 1 , TO — 1 , m — 1 

tt' tt ^ r ^ OT^ 



•(|-"±i)(7-v)'4 



, (83). 



The case of the second surface will correspond to that of the 
firs^ if we consider F the radiant point, and R the virtual focus ; 
o must be written in (83), for u, o for ttV and r' for r ; we then 
obtain 

m 1 ' m — 1 , t» — 1 

(f-=fl-)(7-T-)'*- 

F2 
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1 m m — 1 m — 1 

•(v-=^)'(v4)'i"--<«" 

but «' = tt' + 1, whence — = *" , perfOTminff the dtyigion 

^ »' a' -f « 

and ncglectmg the powers of t above the first, 
tn m mt 

We may fiurther appiragdmate to this raloe of --- , by Bubsti- 

tf 

tilting £>r , in the second member of the equation, its ap- 

proximate value, from (26), art 50, namely, 

l=J_/JL + JilliV; whence, 

m^ _ jn *^ /J_ , m — l y. 

. »' tt' m V tt r / 

hn which the value of — , fi:om (83), being written, 
u 

m 1 , m — l t / I , m^i\^ , 

17- = -^- + -? — "s-viT-*--^; + 

m^ \r u )\r u / ' 2 ' 

By substituting &r ^ , in equation (86), its value just found, 
we h&ve 

^[(•f-=^)(T-T)-(|-^) 

•(;^-l-)']-f <•» ■, 

We see, in tliis fiHrmula, first, the two terms which denote the 
reciprocal 6t the focal distance of an indefinitely small pencil ; 
second, the correction for thickness; and, in the last term, the 
correction for aberration. 

(103.) The ffenerai formula, (87), b^coipes less complex, and 
IS results of cdnsider^m' 
case of parallel ra^s* 



'gives results of cdnsider^mle practical imt)ortaiice» when applied to 
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Prop. XXIX. The incident raye being paraUelf to determine tht 
aberration rf ike peneU after refraction by a spherical len§* 

la this case, = o, and (87) beeolbes, 

u 



1—1 



The correction for thickness, contained in the second term, hatf 

already been separately considered, articles 55, 67, ^c. ; we may 

therefore leave it out of the question \^re^ making in (88) t s o. 

> Farther, to aj^roximate to the value of v, we itiay substitnte fiur 

J- in the second member of the same equation, the approximate 

V 

value _ , or (ill — 1) I j , obtained by making* _ 

CB in (28), art 53. 
We have, then, from (88), 

1 _ 1 , m — l f 1 /J m-f i v 

V T "^ L r3 V r' / / 

•^-f)']f- 

or, taking the value of o, dividing by the depominator thus found, 
and neglecting the powers off higher than the second. 



yy. 



Jie aberration in length, therefore, is represented by 

m-iri _/l m + K - 

■(■^-m-^ <»>■ 

(103.) To apply the formula just obtained, to a double convex 
lens, r and / (art 62,) must be made negative, whence 
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• = ' 



This value of the aberrftticm having the positive sign, while the 
approximate focal length has the negative sifn, its effect on the 



fiical length, for rays not near the vertex, is subtractive ; showing 
that the focus of such rays is nearer the lens, than the focus of 
rays incident near the vertex. 

(104.) For an equi-convex, glasa lens, r = r', tn as , and/ 

BB r, disregarding the sign, since / has already been made nega- 
tive in (90) ; and from (90), 

•=f[' + <' + 4-)']f' 

3 r 
If we suppose the beam of light to occupy the whole aperture 
ef the lens, y becomes the semi-breadtln and y3 _. . 2r 

nearly, or y' &s it, and t ss K_; writing t for X. in the value 

r T 

it£ a, just found, 

the result stated in paragraph 3, page 53, of the text 

(105.) Ifm = ^,andr:/::2:5,orr'= ^r, we have 
iSK>m^(36), 

Substituting these values of m, /, and f in (90),^reoo11ecting 
that / has bwn already made negative in tnat equation, and that 
now its value is to be placed there without regard to the sign, it 
gives, 

^XLTs- + V-sr^ T lor; 
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\5r ^ lOr/ J 7» 2f . 

' - T^ + (t + 2o)- Vt + w) J-71- 7- 

6 / . 

This 18 the case of an^uneqnaUjr oonYez lens, in which the more 
convex side is turned to incident light 

(106.) In the planoconvex lens, if the plane side be tuiHed 

towards parallel rays, — = e, and /= Sr' ; if the material be 

Q 

glass, m = _. , and from (90) we obtain 

• = T[<' + 4)4]»f- 

a»4.5^ = 4.5t. 

The ictnilt given in paragraph 1, page 53, of the text 

In the same leni^ with the convex side turned to parallel rays, 

— s= 0, and /b 2r, whence from (90), r and / having.already 

been made negative. 



9 1^4 4j / ' 



a = i.nJL = i.n.t 

Tlie result stated in paragraph 3, page 53, 6f the text 

(107.) Prop. XXX. 7b determine (%e ratio of ihe radii jflSkt tuv 
Jacp9 of a double convex lens^ which ehaU produce the least aber- 
ration, with a given focal length and aperture. 

To solve this question we must determine the ratio of r and /, 
when a is a minimum, / and y being constant 

Differentiating the value of a given in (90), considering r and 
/ as variable, and disregarding the constant multipliers, we obtain, 
after changing all the signs. 
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Baft firom eqaation (36), art 62, we have 

JL -{. -^ = ^ — i — . --. , whence, by differentiating^ 

iL + J!l = 0, or. 
dt' dr 

SnlMtitatin; in (91) this vahie of ~ , and dividing by dr 
da _ % ^ /JL 4- 5L+JN 

•(-i.+ f)|r-(i+i)'^. 

which, by the qnestion, u equal to sero.^ Multiplying by r* we 
obtain 

-(■ir+ir= ^ 

IVom equation (36), disregarding the sign of/, 

JL- 1 JL-. JL 
r m — l' / r' ' 

Substituting this value in (92), and arranging the terms 

J^ 6 3 2^ 2(m 4.2) 

r'' (iii-l)/?^ ■*' (m — l)y-» r'a fi* '^ 

2(mjJl)_JL_A L-.a,or, 

V(m— 1)» J p 



.(93> 
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■nd by transpocition and multiplication, 

= (5ir-»->)f 

q 

If the lens is of glass, or m = — , 

bat from (36) 

J__J L— 2 JL ^ ^2 ^and 

/ I- / ""21' / =="r*T' 

Comparing together the values obtained for r and t^, 

r:r':: 1:6. 
This lens is known to opticians as tho crotsMl lens. With the 

15 v^ 
more convex side turned to parallel rays the aberration is — . IL 

which is less than that ibr the plano-convex lens with the convex 
side turned to parallel rays. 

(108.) It would carry us beyond Ihe limits of this Appendix, to 
go into t^e investigation of the aberration of combined lenses. 

Before leaving this subject we purpose to show a method by 
which the sur&ces which refract rays accurately to a point, may 
be determined. 

Prop. XXXI. 7b determine the curvature of the turfaee of a me- 
Jittifi, 80 that rays patting into it, frotn a rarer medium^ may is 
refracted to a point* 




As we have found a concave snr&ce to give only a virtual focus^ 
we proceed, at once, to examine the case in which the surfiioe of 
the denser medium is convex. Let i2 be the radiant point, RL a 
ray meeting the surface at L and refiracted to F : let X' be a point 
fiulher from the vertex V than A ^^' being the incident and 
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VF tfac refi'acted ray for this point Draw the perpendiculars 
L'it and VS upon the incident and refracted ra^s RL' and L'F^ 
rcapectivelj. LBf will be nearly equal to the increment of the 
incident ray, and LS to the decrement of the refracted ray,** in 
pasainsr fix>m the point L to L'. Call RL, u\ and LF, — v\ Then 
i£ L' be supposed very near to L, LR s= du'^ and LS ss dv\ 

In the triangle L'LR', . j= 908. RU/ = sin. incidence. 



and in L'LS, 
whence, 



LL' I 1 



I^ cos. jSXiXi' sin. refraction 

LRf sin. incidence 

US sin. refraction 

= m, or. 



<{tt'— m<fo'= (94), 

the difierential equation of the c^^re which, by a revolution about 
the axis RF, will produce the surface required. To integrate, ^t 
RV 8 u, and FV «= — o, the complete mtegral of (94) wiU be , 

tt'^ tt « m (o' — v) (95). 

(109.) If the mcident rays be paraUel^ u' — » = mf, Jig, N. 

Fig. N. 



If we pot FSr 8 ii — x, (95) becomes 

A — jc = wi (e' — 7 1)), whence, 
, A — X 



©rzrl/ — A-f± (96). 

mm 

The equation for the distance of any point in an eUipse from 
the farther foeus is, (Young*s Analyt Geom. art 47, p. 72), 

c = ^ -I- ex, 

in which e < 1 ; with this (96) agrees in form, and will be identical if 

^ -r= e = JL , and c' d. = A. 

fit A m 
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Sabstitutin^ for m in the second of these eqnationsi its wdne 
from the first, 
* «' — e s= Af OT v^ ss A '{' c. 

We find, then, that an eflipaoid of which the 8emi4ran9ver9B 
axis w to the excentricity as the index of refraction ts to unity 

I — = mi toiU refract parallel rays, accurately, to the farther 

focuo. 

If a lens be formed, of which the first sur&ce is a portion of 
the ellipsoid just determined, the second surface should be (art 99.) 
a portion of a sphere, having the farther focus of the ellipsoid as 
its centre (^Jig, 38, text). 

(110.) Equation (95) may be applied to the case in which the ind- 
. dent pencil passes from a denser to a rarer medium, through a con- 
cave surface. Then FZ, FL\ fig. M, would represent the incident 
rays, and LR, L'R the refracted rays, and the ratio of the sine of 
incidence to the sine of refraction would be represented by the 

fraction ; substituting this for m in (95) we have 

m ' 

tt' — u = L. (t/— '») (97). 

m 

For the case of imrallel rays, {fig, 40., p. 55, text,) by proceed- 
ing as in the last article, makmg u' — us= A — x, 

»' — V = m (ii — «), and 

D = tj' — mA -|- mx ; 

an equation of the same form with that before obtained, and re- 
presenting the distance of a point in a conic section from tlie 
fiirther focus ; in it 

m =:H e = -£_ , and t»' — mA = A, 

•A. •, 

Since m > 1, e > 1, and the equation belongs to a hyperbola, 
(Young's Analyt Geom., article 79, p. 104,) the equation of 
which is 

v' ss A -\- mA sss il 4- c. 

I^ then, we form, a lens with the firet aurface plane, and the 
oecond that of a hyperboloid of which the excentricity is to the semi- 
transverse as the index of refraction, of the material of tht len$^ 
is to unity, paraUel rays, incident perpendicularly upon the first 
surface of the lens, wul he refracted to the farther focus of the 
kyperboUnd which forms the second surface {fig. 40, text). 

(111.) The cases in which the aberration of converging rayi 
upon a spherical surface is zero, (ait. 99,) are contained in (95) ; it 
is unnecessary, however, to discuss it farther 
G 
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i(112«) The fiiniiB of mirrors wathoat abeiratioii may aim be 
inferred firom the ^equations just discussed. The convex mirror 
will be given by making m as — 1 in (94), whence, « 

dtt' 4. Jo s?= 0, and integrating 
«'_,'(-»)-, C (98). 

By this property we recognise the hyperbola, the distnncee a' and 
- f/ being those of the point, from the two foci. 

For a coacaYe ^irror, u' and v' have the same sign, in equation 
(94), and 

du' + dv' = 0, or, 
tt' -f «' = C (99). 

The mirror is an ellipsoid^ the radiant point coinciding toith one 
fiats, and the raye being coUeeted at the opposite focus. 

If one focus remove to an infinite distance, the ellipsoid beoomee ' 
a paraboloid, into the £bcua of which the rays which liave been 
supposed parallel are collected. 

Caiistici by Reflexion. 

(113.) It is not intended to enter fully into tliis subject in rela- 
tion to both reflexion and refraction, but to confine the discussion ^ 
to examples o£ the caustics produced by reflexion. x 

The formula for the oblique pencil, art 29, &/C., gives, in certain 
cases, ai^ elegant and easy metliod of determining the form of a 
section of the caustic sur&ce, produced by reflexion from a 
spherical mirror. 

^aop. XXXII. 7b determine the form of the caustic produced hy 
the reflexion of a pencil of rays from a spherical mirror, when 
the rays are parallel ; and also voihen the radiant point is at a 
diameter* s distance from the vertex of the mirror. 

FiasT. When the radiant point is infinitely distant, 01 ihe ray^ 
parallel 

ZJ[)]lf representing a section of the mirror, let RL be a ray inci. 
dent upon it and reflected into JLB ; then, the focus of a small 
pencil meeting the mirror near to L will be the point F found from 
the valne of « in the equation which concludes art 30, namdy, 

To construct this value of n ; let fiill fi'om C, CP perpendicular 
to the reflected ray LB, then 

LP asB LC • cos* f asr. COS. ^, whence, 
. = -_. 
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Bisect LC in E^ and LP in F, then LFE is a right angle ; the. 
point >P, of the caustic, is, therefore, in the drcumference of a 

circle of which LE = 2l. LC is the diameter. This being tnio 

2 
of each point in the curve, the caustic curve is an epicycbid, the 

Rg. O. 




diameter of the generating circle of which is equal to the radiuff of 
the base ; tMs latter being half the radius of the mirror. This curve 
and the circle LDM revolving about J9C, as ao aiis, would gene- 
rate, respectively, the sur&ce of the caustic and that of the mirror* 

SisooND. Let the radiant point be at the extremity of tfa» di- 
ameter of the mirror. 

ng.V, 




The ray KL is reflected into LB, To find the pontUm of f 
upon XBj we recur to cquatbn (11), art S9. 
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perpendicular to RL, 

ii» e= r . COB. ^, 
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If C£ be made = ._ , the perpendicular fi*om E to LB will 

•) 

intenect it in the focus F, The locus of these foci is, therefore, 
ah epicycloid, of which the diameter of the generating circle is 
to the radius of the base as two to one. This curve is the cardioid 
(114.) In considermg the subject in a more general point of 
▼lew, we may determine the equation of the curve of section of 
the caustic, the position of the radiant point and section of the 
mirror being given. 

PaoPi XXXIII. To determine the equation of the curve tohieh is the 
section of a caustic formed by a curved mirror. The section 
being made by a plane passing through the axis of the mirror. 
We refer the curve to polar co-ordinates, the radiant point being 

the pole. 

Fig. a. 




Let B and B^ be two points very near each other upon the cwcve 
which is a section of the mirror ; let C be the centre of the oscifl 
laling circle to the curve at either of these p<unts, so that the 
portion of the circle and curve nearly coincide between B and IT. 
RB, RB representing two incident rays, JBF, B^F are the re- 
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fleeted rayft Gall RB = o, BF = v, the angle RB€ = ^^ IWO 
Bs ^', the perpendicular i?F, upon the tangent BP, s= p, the ra- 
dius CBzszCB^ r. Join FR and let fall the perpendicular RQ^ 
upon ^F. F being a point in the caustic, FR is the radius 
vector of that point and RQ a perpendicular upon the tangreiitx 
call RF^ «', and RQ^ p'. An equatbn between u! and pf will be 
that of the caustic curve. 

In the acute angled triangle RFB^ since the segment BQ a 
RB . cos. /2BQ, 

•'a ~ ttS ^ t>« — 2ttc . cos. 2^ (100); ' 

and in the right angled 'triangle RBQ 

y=tt.sin.20 (101). 

To eliminate cos. 3^ and sin. 2^, we proceed as foOows. Since 
RP and CB are perpendicular to BP^ thej are parallel, and the 
angle PRB » RBC » ^, and 

cos. ^ z=z JL , 
u 

But, by trigonometry, 

COS. 2i^ = 2 cos.a # — 1, 

md by substitating finr cos. ^ tiie value just given, 



We hn* ■bo, by trigcmoiDetijr, 



c«i.2# = J^ 1. 



sin. 2^ B= -n/I — C0S.2 2^^, or. 



_ /j^ 






hese values of cos. 2^ and i 
ly, we obtain 

i«'» = tt* + «» — 2at)^^ — iV and 



Substituting these values of cos. 2^ and sm 2^ is (100), nd 
(101), respectively, we obtain 



Th^ value «f »^^ may be written under the nxne limpk fimn, 
G2 ,* 
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The relation between » and « given hy eqvation (11), ut. 29, or 
1 , ^_ 9 



may be apptied to this case by taking r to represent the radios of 
^ osculating circle, which is, 

udu 

- dp ' 

Substituting this Talue for r, 

(. — = — = — - — i- — — » or, srnee 

_- — .cos.^ 
dp 

COS. * = ^ , 
tt 

J_+ L=i^. whence. 

r :^ ^ ^" (104). 

2udp — pdu 

If this value of e be substituted in equation (103), we shall 
obtain a new equation, which, in conjunction with (102), will give 
the relation of u' and p' in terms of u, p^ (fu,'and dp. The relation 
of the last four quantities mentioned will be given by tlie equation 
of the iieflecting curve and by its differential ; eliminating tb^se 
quantities, there will result a single equation between u' and p\ 
the equation of the caustic curve. 

(115.) To give an example of this method of proceedmg, let the 
reflecting curve be any portion of a hgarithmic spiral, of which 
the equation is, 

p =s tnu. 

The general value of v (104), is first to be applied to this pat 
tieolar case. 
Diflerentiating the equation of the curve, 

dp s= flfuitt, whence (104) becomes 

V = P^^ = y» -- f^ =. „. 

2mudu — pdu 2mu — p 2p — p 

This value of o substituted in equation (103), gives 

«'« = 4»> — i£!!L = 4tta«-4p», or, 

tt 
«'t „ 4ttL 4mt«a ,« 4tt> (1 •- m*), and 
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»' «s 2tt VI — ma. 
Aim, from (102), 

or since we have just feund ' 

2u %^ 1 — m3 = tt' 

p' = mi*'. 

The section of the caustic surface is, therefore, a logarithmic 
9piral differing only in position from the reflecting cun>e. 



CHAP. VI. 
ON THE DOUBLE REFRACTION AND POLARIZATION OP LIGHT. 

(116.) Although it does not ^ter into the design of this Appen* 
diz to show the method of deducing, from theoretical considera- 
tions, any of the general laws of Optics, -I have thought that it 
may assist the student to give the fbrmuls to which these consid- 
erations lead, or which have been deduced from experiment, in 
certain particular cases, discussed in the text The formula, or 
general law, once remembered, the details of the phenomena flow 
naturally from it, and the memory is not tasked to recollect indi- 
vidual results. 

Double Refraction of Light 

(117.) The formula which represents the law of extraordinary 
refi'action in doubly refracting crystals, becomes, when the inci. 
dent ray is in a plane passing through the axis of the crystals, s 
. to'2 = m2 — (»i2 _ „j/3) . sin. a (Iqs)^ 

in which m' is the index of refraction of the extraordinary ray, m 
that of the ordinary ra^, and ^ the inclination to the axis. In the 
spheroids constructed m the - text (Jigs. 77. and 79.), to ^ive the 
index of refraction of the extraordinary ray, if the axis which co- 
incides with that of the rhomb be called 6, and that perpendicular to 

the same axis a, then by the construction a = _ , and 6 = ^ 

m' m 

whence (105) becomes 

^b» \b^ aV ^ 

Ailongaf m> m',or i. > i.,tfaatisa> ft»..^— ..^V 



80 INOIDENCS Olf A flSCONB CRYSTAL. ATPajn^lUm 

(^.77), win be negative, whence the terra crystaU with a nega- 
five axis which applies to this cUss. Wlien a < 6 {Jig. 79), 

~ < ~ or m' > m, and ^. ( -• | becomes additiTe, and 

the crystals are said to be erygtaU with a ponthe axU of dooUe 
refraction. 

(118.) In the plane of principal section the tangents of the angles 
of extraordinary and of ordinary refraction are in a constant ratio 
to each other. In the plane perpendicular to this, the law of the 
eines applies equally to the extraordinary and to the ordinary ray, 
but the value of the constant quantity is diflferent fiir the two rays. 
These are the onl^ two cases, in which the extraordinarily refracted 
ray is contained in the plane of incidence. 

(119.) When light which has been polarized by double refraction, 
in the plane of principal section of a crystal Iceland spar (Ji^s» 
84. and 85., text), passes through a second ciystal, the relative 
brightness of each image, supposing that no light is lost by re- 
flexion or absorption, may be expressed by the following formula ; 
in which Oo, £«, Of, and'jElo represent the images formed as de- 
■cribed on pa^ 140 of the text, a is the angle which the plane of 
principal section of the second rhomb makes with the same plane 
3^ the first, and ^1 is the brightness of the incident ray. 

OO = 1 il . C08.2 fl = j&« (106). 

Oe rs La. Bln.3 a sf: JEb (107). 

2 

The sum of the brightness of the fbur images, 

Oo-{.EeJ^Oe^Ee=s:A (cos.^ a + sui.'^ e) = X 

From the ibregomg formulie (106. and 107.) we may trace the 
changes of brightness in the several imaires, as described in naffci 
140, 141, of the text (Jig. 86.) 

When the principal sections are parallel, a = 0, cos. a rs 1, and 
■in. e = 0, therefore 

Oo = JB's = La Oe s= JSb s: 0. 

2 

By turnmg the lower crystal, a assumes a finite value and th« 
lmaf[tM Oe, Eo appear. As a increases, sin. a increases and cos. « 
iimmishes; (h void Ea^ therefore, increase in brightness, and 0^ 
Be decrease. When a =z 45^, cos. a = sin. a, and the four im. 
• are «}utlly krifffat The angle o^iaet^auag fiurtb«il<4>f«iid 
beeoiiieiiforBandmoi»&int,enddlnppearwhena=;90<»; at 
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this angle Oe = £b = _ ^. The rotation of the lower cry^ta. 

being continued beyond 90°, cos. a takes th^ negative sign and 
increases negatively, while sin. a again diminishes; when a s=a 
180°, cos. a = — 1, sin. o = 0, and Oe, Eo again disappear. At 
this angle the two images Ooj Ee coalesce, the two extraordinary 
refractions taking placb in opposite directions. 

, Polarization of Light by Reflexion. 

(120.) When light has been polarized by reflexion from a sur- 
face, upon which it fidls at the maximum polarizing angle, the 
following empyrical formula, determined by Malus, will represent 
the intensity of the light reflected fiY>m another surface, upon 
which the pencil is incident at the polarizing angle : (Jig, 87, page 
143, text) 

J?= A. COB.3 a (108), 

in which /islhe intensity of the reflected light, A that of the inci- 
dent light, and a the angle between the plane of incidence and that 
of the second reflexion, or the azimuth of the plane of the second re- 
flexion. When a = 0, or 180°, / is a maximmn, and when a =a 
90°, or 270°, / = 0, and no light is reflected. 

As a consequence of this law, a beam of common light, as flir as 
brightness is concerned, may be represented by two beams of 
polarized light, having their planes of polarization at right angles 
to each other : for, the angle between the planes of polarization and 
of reflexion of the one being called a, that of the other will be 
90° — a, and &om (108) we shall have, for the brightness of the 
two reflected pencils, 

/' =a A. COS.* (90 — fl) = il. sin. »«; 
whence, 

/ + /' = ^ (C0S.2 a -f- sm.« o) = A, 

the sum of the intensities, of the two supposed pencils, remaining 
the same whatever be the angle a, which is characteristic of com- 
mon light 

Equation (108) applies to the case of light polarized by refirac- 
s tion, and incident upon a reflecting snrfiice at the angle of com- 
plete polarization, a being the angle between the plane of polariza- 
tion of the incident ray and the plane of reflexion. 

^ (121.) The law, deduced by Sir David Brewster, as expressing 
the relation between the phenomena of refraction and polarization 
by reflexion, when light falls upon the first surface of a body, is 

tan.P = m »X109). 

P being the polarizing angle, vhSl m the index of refraction of the 
material used. 
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From thU fermula, if we suppose the light to be incident at the 
polarizing angle, and call R tlie angle of refraction at this inci- 
dence, 

; but tan. P = !!i5: — , whence 



sin. R cos. F 

sm. i2 « cos. P, (110% 

or the maximnm polarizing angle is the complement of the cor- 
responding angle oV refractions and the reflected raj is perpen- 
dicular to the refiracted ray. 

(122.) If the light which has passed through the first surfaco 
fsJl upon a second, parallel to the first, the angle of incidence upon 
the first surface being P, that on the second is R, and i2 =s 90 -^ 
P (110) ; whence, 

tan. i2 » cot P: but c6t P = — — = JL , and therefore, 
tan. P m 

tan. U =a JL 
m 

or the tangent of the incidence upon the second si:fffkce is the 
index of the refinction from the denser to the rarer medium. R is, 
therefore, the angle of polarization for the second surfacie, and the 
light reflected fixnn that surface, as well as that fi'om the first, will 
be polarized. 

Law of Partial Polarization of Light by ReJlexiorL 

(123.) Sir David Brewster has verified by an extensive series of 
experiments a law, which is due to Fresnel, by which the effect 
of any number of reflexions, on the inclination of the planes of 
polarization of a beam of light, may be determined. The efiect 
of a single reflexion at an angle diflerin? from the polarizing angle, 
is given by the equation 

to. » = tan. ^■^(' + 9 (111). 

cos. (i — t) 

IB which formula, t is the angle of incidence, t' the correspondhig 
angle of refraction, x the primitive inclination of the plane of 
polarization of the polarized ray to the plane of reflexion, and ^ the 
inclination of the same planes afler reflexion. The angle i — t' is - 
evidently the deviation produced by refraction, and t -f- 1" is tbs 
supplement of the angle between the refracted and reflected rays. 
When X = 45®, the case considered in the text, p. 150, tan. x=: 1, 
and 

tM,.^ =«>»•(< 4-0..... (112). 
COS. (i — »') 
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(124.) The effect of anccettive refiexioiu of a pencil of oommoo 
light, or in which x => 45<^, may be deduced from the first equation 
& the value of tan. ^ (Ul) > for if 9 represent the inclination of 
the plane of pdarization to that of rdlexion after n reflexions, 
tan. B = tan.* ^, x and ^ preserving the same relations to each 
other aAer any number of reflexions ; whence, 

ton.e=^!:pt^ (113). 

cos. (t — «')■ 

Since tan. B == tan." ^, and by tlie supposition tan. ^ is not zero^ 
It appears that ■ although partially polarized light may have its 
planes brought indefinitely near to parallelism, by increasing the 
number of reflexions, yet tan. 6, and therefore 9, cannot become 
ahsolutelff equal to zero by any number of reflexions. 

The formula for tlie quantity of the apparently polarized light 
could not, advantageously, be introduced in this place.* 

Polarization of Light by oriinary Refraction, 

(125.) From an examination of the effect produced by a singb 
sur&ce upon the two planes of polarization in the beam of common 
light, Sir David Brewster inferred, that it depended upon the angle 
of deviation. of the ray, and was represented by the formula, 

cot. ^ = COS. (i — »') (114). 

in which ^ is the inclination of the planes of polarization to the 
plane of the refiraction, and i and i' the angles of incidence and 
reflation of the ray. When t — i' = 0° or i = 90°, cos. (t — i) 
B= 1, and cot =s 1, or = 45^, and no change is produced in 
the inclination. When i — t' s 90°, cos. i — i' s 0, and cot i 
e= 0, or » 90°. 

When the light is not common light, or light in which the 
planes of polarization are inclined 45° to the plane of refraction, 
if X be taken to represent the inclination of the phmes of poiariza* 
tion of the beam to the plane of refraction, 

cot =s cot X, cos. (t — t') (115). 

tf the light fall upon a second surface, parallel to the first, x fat 
that surface is the value of found fi>r the first, and if be called 
tlie inclination after n refractions, . 

cot tf « cot" =* oof X. cos.» (» — »') (116). 

When cot » » 1, that is, in the case of common light, 
cot tf = COS.* (t — O (117)." 

(126.) By combining this formula with that for the partial polar- 
iaatioii by reflexion, we can readily obtain the eflfect produced upon 
light, which should reach the eye, after two refractions, at the firs^ 
inrface of a plate, and an intermediate reflexion at the second 
for&oe. 

' . *Bir D. Brewster, in PHI TrttM. (Lon.) 1890 
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Let ^ represent the inclistttion of the plane of polarization to 
that of refraction, after refraction by the first surface of the plate ; 
f ' the inclination prodoced by tlie reflexion at the second surface ; 
and ^'* that produced by the second refraction at the first surface, 
18 the ray emerges. Calling, as before, t the angle of incidence 
on the first surfiice, t' that of refhiction, and x the inclination of 
the planes of imlarization of the incident light to the plane of inci- - 
dence ; then from (115), 

cot ^ = cot X . COS. (» — Oi or tan. ^ = — ^5lf 

cos. (t — t') 

From formula (111), £>r partial polarization by reflexion, 

tan.^-=tan.» cos. (» -f. ^ . = tan, x ^ (» "K^) 
cos. (i — coe.(i— 1')=* 

Equation (115), applied to the second sur&oe of the plate, gives 

cot ^" = coL 0' . COS. (t — \*)\ 

whence, by substituting for cot ^' the reciprocal of the value just 
found for tan. 0', 

cot»"= ^ . *^ (♦-'")' .ar. 
tan. X COS. (t 4. t') 

cot^"=cotx.i2?l^-i!^ ....(118), 

cos. (» + »') 

For common light, in which x zss 45^, 

cot ^ =s COS. (» — t'), 

tan.»^= cos.(» + 
^ COS. (i — i')« 

Cot»-^=: COS.(t-»y ^^^^^^ 

COS. (t 4- i') 
If, in this latter case, 

COS. (t — 0' » COS. (t 4. 0» 
cot^"«l, or0"=45o, 

and the light polarized by the first refraction and the intermediate 
reflexi m, will be restored by the refraction at emerging, to the state 
of common light The above equation will be satisfied in gUu of 

which 4^ = m = 1.525, at 78o 7'. 
sm. t 

If COS. (t — O^ > COS. (t -f 0, which would occur by dimio. 
^hing t, cot ^' > 1, and ^" < 45°. 

If cos. (» — 0? = cos. (t + tan. f= 1, /=45<',orthehght 
polarized by the first refraction is restored to common Ught bj the 
'efiexion. When refracted at the second mirfiioe, since. 
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C08.(i+»') COB.(i+0 ^ 

or the light ia repolarized at the second rofraction, and tbe efiect of 
the plate is that of a single surface.* 



CHAP.VIL 

OF THE RAINBOW. 



(127.) To exphiin the theory of the rainbow, we begin by the 
'^following proposition. 

Prop. XXXIV. Amy tf lighi enten a refraeting sphere, is re- 
flected any number of tifnes, and emerges ; to determine the deoia- 
Itofi when it is a maximum^ or tntmrnttiit. 




Let RL be a ray of light, meeting the refracting sphere LMNP 
at L, and refiracted into LMi LM meeting the second surfiu^ of 
the sphere at M, is in part reflected into MN, which farther suffers 
reflexion at NP, taking the direction NP; that part of NP which 
is not reflected, posses out of the sphere, being refracted into the 
direction PF, By the law of reflexion the angles CML, CMN, &>c^ 
are all equal to 6LM the angle of refraction at the first surface; 
the angle of emergence JPF is, therefore, equal to the angle of 
incidence RUL Call the angle of incidence 0, thai of refraction 
a' ; the angle of deviation of Sie refracted ray LM, or the angle 
hLM = — 0' ; the angle of deviation at emergence, or the -angle 
NPO t=r — 0' ; and tlie sum of tlie deviations is 2 (0 — <p'.) The 
deviation produced by the first reflexion, or EMN = 180 ' — LMI9 
^ 130 — 2^', and at each succeeding reflexion a new deviation of 
equal amount is produced ; the total deviation, therefore, afler n re- 

/ ' 

* Memoir by Sir D. Brewster, in PUl. Tnne. (Lon.) 1830 
- H 
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ilttcioiis k 180n— 2w^'. The mm of the effects prodooed by boCh 

Kfiraction and reflection is, callin|r i the total deviation, 

* = ISOn -. 2nf' -f 2 (0 — ^^ or 

i = I8O11 4. 2^ — 2 (n + 1 ) ^' . . .*. . (120). 

In which equation 1^ and ^' are connected by the equation, (17, 

sin. =s m. sin. ^' (17). 

When J is a maxiraum or minimum, <2a a 0, and by differen. 
tiatmg (120,) considering ^ and ^' as variable, 

2d^ — 2(11 + l)rf^'=:o,or 

rf^ «= (« + 1) rf^'. 

By differentiating (17), • 

«C sin. ^ IS m. rf 8U1. ^', or 

eoB. ^ . tf^ tt m. 00s. ^' . d^', 

in which substituting the value just found for (f^, 

(n -f- 1) COS. ^ . rf^' B= »i COS. ^' d^\ and 
(» + 1) COS. 1^ =s m . COS. ^'. 

To combine this with (17), square botii equations «iid 4Kid. we 
have ' 

sm. a^ + (n + 1)3. cos.* ^ = m^. (sin.» ^' + cos.* ^'); 

but, 8in.» ^ « 1 — 00S.3 <^, and sin.2 ^' + cos.2 0' = 1, whence 

i.«^((n + l)3~l) + l 



cos.' 



sm^ 



n««.a^^ m« — 1 _ ma — 1 m* — 1 ^ 

(n+l)3«i »a^2«- T(5^2r 

~•^=^/^) <^^^^ 

(12a) The primary rainbow is formed by two refractions end 
one reflenon of the sun's Kght, by drops of rain, as shown in /£». 
134, page 224 of the text "^^ 

Producing the incident and emergent rays RP and Oa. until 
they meet at q; (120) gives by makiSg n « 1, * 

a»ldO + 2^—4^'. 
The angle q {RqO) is tiie supplement of tiie deviation i, whence 

7=4^' — 2^ (129)^ 

and since q increases As i diminishes, 9 is a maximum when ^ is a 
mnumum. Near the maximum value, q will change less for a 
given change of incidence than at otiier values; and near this maxi. 
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mum, there&re, the incident pencil will emerge most oopioofdj, and 
affect t&e eye most strongly. When 3 is a minimum, we have from 
the preceding article, by making n =s 1 in equation (121), 



COS. ^ 



= /!!!i=li (123), 



m which, if for m, the index of refraction of water for the di& 
ferently colored rays be substituted, the angle of incideqce will be 
found at which each color is most copiously transmitted to the eye. 
The angle q will be given at the same time by equation (122), and 
by the relation, 

sin. = lit • sin. ^' (17). 

To determine the limits of the value of q for the differently 
colored rays, we take the value of m for the least and most refran- 

' 108 

giUe of tliose rays : for the red m = — , and for the violet m 

109 
= I . These values substituted for m, in equation (123), we 

obtain from (123), for the red rays, 

cos. ^ = .5092, = 590 21', and sin. ^ = .8603, whence from 
(17) sin.^' = .6452 and ^' = 40° 11'; therefore from (122), q = 
I6O0 44' — 118° 42' = 42° 2'. 

For the violet rays the sam^ equations give, 
cos. ^ =s . 5199, = 58° 41^', and sui. ^ == .8543; whence sin. 
^' = .6352, and ^' = 39° 25', and ^ = 157<^ 40'— 117° 23' = 
40° 17'. 

- The breadth of the bow is measured by the angle qO^ = OnR — 
g' = ^ — ^ = 420 2'— 40O 17' == p 45'. 'fhig gupposes the 
rays to flow from a point The angle q being greater than ^, the 
line Oq is above O^^ and the red is the highest color in the bow. 

(129.) The secondary rainhow, shown in the same figure of the 
text, is formed by two reflexions and two refractions: it corresponds 
to the case of m = 2 in the formula for the deviation. From this 
formula (120) 

« =360 + 2^ — 60'; 

but the angle GqO between the incident and emergent Irays is the 
excess of &e angle of deviation above two right angles, whence 
^ = 180 + 20 — 6f . (124). 

By the same reasoning which was used in the preceding article, 
it may be shown, that the different colors will be transmitted most 
copiously, at incidences given by equation (121), in which n == 2, and 
m is the index of refraction corresponding to the colored rays of 
which the incidence is sought From (121) 
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The lelaAion of and / is given by 

sin. » m . sin. 0' (17). 

The limits of the volue of q will be found by placing (or m in 

(125), and (17), the index of refraction for the least and most 

- M, 108 J 109 

refrangible rays, or m » _- and m s — . . 

By proceeding as in the last article, we have for the red rays : 
ooa. a .3118, B no 49i', sin. ^ « .9501i sin. f s . 71^6, 
f* s iSo 2r, and 9 » 50° 57'. 

For the vwlet rays: cos. ^ = . 3184, ^ = 71° 27i, sm. ^'la 
.7046, 0' =: 140 48^, whence j' *= 54° 7'. 

The angle, 9^, fer the yiolet rays, being ^^reater than the cor- 
responding angle for the red, the violet is higher than the red, in 
the bow ; the colors are therefore inverted in relation to those of 
the primary. The angle j'Oy = 5'—? = 3® 10'. 

The angular distance between the bows, qOq = 50° ST — 4St 
2'= 8° 55'. 

(130.) The breadth of the bows, and of the space between them, 
having been measured on the supposition that the rays flow from 
a point, correction must be made for the apparent diameter of the 
solar disc, which is about 32'. On this account the breadth of 
each bow is increased by 32', so that the primary is 2° 17' in 
breadth, and the secondary 3° 42'. The breadth of the space be 
tween the two bows is, thus, diminished by 32', and is 8^ 23'. The 
angle, 9, for the highest red of the primary bow will be (42^ 2^ -{. 
16') 42<' 18'; whence, if the sun is more than 42<' 18' above the 
horizon, the primary bow is not seen ; the corresponding limit for 
the secondary bow is 54<3'23'. 

(131.) A portion of the light which enters any drop of rain, is 
lost at each reflexion.; for, by art 41, in order that total reflexion 
shall take place at the separating surfoce of the denser and of the 
rarer medium, the relation m sm. ^'=3 1, or > 1, must subsist; 
but fitHn the investigation it appears, that sin. ^ is always less 
than unity, and that the condition necessary to total reflexion is 
never satisfied. The colors of the seoondary bow are therefore 
fointer than those of the primary. 

The method of investigating the theory of the bows formed by 
three or more reflexions combined with two refractions, must be 
obvious from what has been stud in relation to the primary and 
secondary bows. 
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Aberration, spherical, of lenses and 
mirrors, 51 ; longitudinal ; lateral, 
52. Appendix, 55. By a singid re> 
fracting surface, App. 61. By a lens, 
App. 65. Values of, for different 
lenses, 56; App. 68. Chromatic, 74. 

iEpinus, M., his experiments on ac- 
cidental colors, ^256. 

Air, the at»sorptive power of, 120. 

Amid, professor, of Modena, pro- 
poses various forms of the camera' 
lucida, free from the defects of Dr. 
Wollaston's, 278. Revives the re- 
flecting microscope in an improved 
form, 286. 

Analeime, the polarizing structure 
of this mineral ; derives its name 
from its property of not yielding 
electricity by friction, 183. 

Arago, M., the colors produced by 
crystallized plates in polarized 
light, studied with success by Bfot 
and other authors, first discovered 
by; 157. 

Archimedes, the manner in which 
he is supposed to have destroyed 
the ships of Marcellus, 264. 

Atmosphere, the refractive power of 
the, 215. 

Axis, of lenses, 3S. 

B. 

BarloGci, professor, his experiments: 
finds that the armed natural load- 
stone had its power nearly doubled 
by twenty'four hours' exposure to 
the strong light of the sun, 85. 

Barlow, his achromatic telescope, 
304. 

Barton, John, produces color by 

- grooved surfaces, and communi- 
cates these colors by pressure to 
various substances, 106. 

Batsha, the tides of, explained by 
Newton and Halley, 119. 

Baumgartner, M., his experiments : 
discovers that a steel wire, some 
parts of which were prtlished, the 
other parts without lustre, becomes 
magnetic by exposure to the white 



light of fhe sun ; a north pole ^ 
pearing at each polished part, and 
a south pole appearing at each un* 
polished part ; obtains eight polea 
on a wire eight inahes long, 84. 

Beams, solar, diverging, 333; and 
converging, 234. 

Berard, M.,hi8 experiments on the 
heating power or the spectrum, 82. 

Berzelius, M.,his experiments on ab- 
sorption, 123. 

Qiot and Arago on polarized light, 
149. 

Blackadder, some phenomena both 
of vertical and lateral mirage, 
seen by him at King George's Bas- 
tion, Leith, 219. 

Blair, Dr., his achromatic lens, 77. 
Ck>nstruct8 a prism telescope, 303. 

Bodies, absorptive power of; the na> 
ture of the power by which they 
absorb light, not yet ascertained ; 
all colored transparent bodies do 
not absorb the colors proportion* 
ally, 120. Absorb heating rays un> 
equally, 316. Natural, the colors 
of, 235 and 320. 

Bovista lycoperdon, the seed of, 101. 

Boyle, his observations on the colors 
of thin plates, 90. 

Brereton, lord, his observations on 
the colors of thin films, 90. 

Buchan, Dr., case of unusual reflex- 
ion, 222. 

Buffon, constructs a burning appa* 
ratus ; the principle of it explained, 
964. 



Camera obscura, an Optical instru- 
ment, invented by the celebrated 
Baptista Porta, 274. 

Camera lucida, invented by Dr. Wol- 
laston, 277. 

Cameleon mineral, 239. 

Carbon, sulphuret of, of great use in 
optical researches; employed as a 
substitute for fiint glass by Mr. 
Barlow, 305. 

Carpa, M., and M. Ridolfl, repeat 
Dr. Morichini's experiment with 
success, 84. 



* The Appendix referred to is that of the American editor, unless whea 
Ihe contrary is expressly stated. 
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Ca«ia, oil of, 31— 7S. 

Catoptrics, 13. App. 9. 

Caustics formed by reflexion, 58. 
App. 74. Formed by refraction. 63. 

Charcoal the most absorptive of all 
bodies, 120. 

Chevalier, M., of Paris, makes nse 
of a meniscus prism for the ca- 
mera obKura, 371. 

Christie, Mr., of Woolwich, his ex- 
periment conftrmed by those of M. 
Barlocci and M. Zantedeschi, 84. 

Coddington, Mr., his observations on 
the compound microscope, 334. 

Colors, accidental, and colored 
shadows, 354. Phenomena of, il- 
lustrated by various experiments, 
359. 

Compression and dilatation, their 
optical influence, 303. 

Crossed lens, App. 09. 

Crystals with one axis of double re- 
fraction, 138. Whether mineral 
bodies or chemical substances have 
two axes of double refraction, 133. 
A list of the primitive forms of, 
according to Hatiy, 134. With 
one axis; svstem of colored rings 
in, 172. The influence of uniform 
heat and cold on, 303. Composite 
exhibited in the bipyramidal sul- 
phate of potash, 306. In apophyl- 
lite, ib. In Iceland spar, 208. The 
multiplication of images by the 
crystals of calcareous spar with 
-one axis, 310. Difierent colors of 
the two images produced by dou- 
ble refraction in crystals with one 
axis, 311. 

Cubes of glass with double refrac- 
tion, 199. 

Curves, caustic, formed by reflexion 
and refraction, 58. App. 74. 

Cylinders of glass with one positive 
axis of double refraction, 197. 
With a negative axis of double 
refraction, 196. 



D'AIembert, 304. 

Davy, Sir Humphry, repeats Berard's 
experiments on the heating power 
of the spectrum in Italy and at 
Geneva; the, result of these ex- 
periments a confirmation of those 
of Dr. Herschel, 83. 

De Chaulnes, duke, 08. 

Descartes, 54. 

Deviation, angle of, 33. App. 37. 

Diamond, 31. 

Dichroism, or the double color of 
bodies, 310. 

Dioptrics, 36. App. 86. 

Dispersion, irrationality of, 73. 



Dispersive powers, table of, Aathor*« 
App. 310. 

Di Torre, father, of Naples, his im- 
provement on Dr. Hooke's sphere* 
for microscopes, 380. 

Dollond, Mr., the achromatic tele- 
scope brought to a high degree of 
perfection by, 76. 



Ellipsoid, 54. App. 73. 

Englefleld, Sir Henry, 81. 

Eriometer, an instrument proposed 
by Dr. Young, a description of it ; 
and the manner in which it ia to 
^he used, 101. 

Eye, the human; the structure and 
functions of, 340. The refractive 
powers of humors of, 343. The in- 
sensibility of, to direct impressions 
of faint light ; duration of the im- 
pressions of light on the retina, 
350 and 321. The cause of sin- 
gle vision with two eyes, 351. The 
accommodation -of, to different 
distances, proved by various ex 
periments, 353. Long-sightedness 
and short-sightedness accounted 
for, 353. Insensibility to particu- 
lar colors, 359 and 323. 

Eye-pieces, achromatic, Ramsden's ; 
in universal use in all achromatic 
telescopes for land objects, 301. 

F. 

Faraday, Mr, his observations on 
glass tinged purple with manga- 
nese ; its absorptive power altered 
by the transmission of the solar 
rays, 134. 

Fata Morgana, seen in the straits of 
Messina, accounted for, 318. 

Fibres, minute, colons of, 101. 

Fits, the theory of, superseded by 
the doctrine of interference. 111. 

Fluids, circular polarization in, dis- 
covered by M. Biot and Dr. See- 
beck, 188. 

Focal point, 18. 

Foci, conjugate, 18. App. 15. 

Focus, principal, for parallel rays, 17. 
rules for finding the principal ; for 
convex lenses, 41. App. 38 ; for 
mirrors, 17. App. 14. Distance from 
centre, a mean proportional, &c., 
App. 1& Physical, of mirrors, App. 
59. 

Fraunhofer, M., of Munich, ^is ob- 
servations on the lines in the spec- 
trum, 78 ; perceives similar bands 
in the light of fdanets, and fixed 
stars, 79. Illuminating power of 
the spectium, 80. 

Frcsnel, M., explains the phenomena 



of infleiion or diffraction of light, 
66. Formula for polarization of 
light by reflexions, not at maxi- 
mum polarizing an^le, App. 82. His 
experiment on the interference of 
polarized light, 180. Discoveries 
of, on circular polarization, 189. 



Glasses, plane, 31. Multiplying, 273. 
Refraction of light through plane, 
3(). App. 35. Achromatic opera, 
with single lenses, 304. 

Gordon, the duchess of, 91. 

Goring, Dr., his improvements in all 
kinds of microscopes; introduces 
the use of test objects, 387 ; a work 
published by him and Mr. Pritch- 
ard on the microscope, 281. 

Gray, Mr. Stephen, 280. 

Gregory, James, tha first who de- 
scribed the construction of the re- 
flecting telescope, 291. 

Grimaldi, his discovery of the in- 
flexion or diffiraction of light, 86. 

H. 

Hall, Mr., inventor of the achro- 
matic telescope, 76. 

Halley, Dr., his observations on the 
rainbow, ^6. 

Halos, 227. The colors of, described ; 
the origin of, and how produced, 
232. 

Bare, Dr., observation on translu- 
cency of gold leaf, 320. 

Hauy, the abbS, discovers the want 
of electricity by friction in anal- 
cime, 184. 

Heat, the influence of, on the ab- 
sorbing power of colored media ; 
analogous phenomena in mineral 
bodies, 123. Heat and cold, tran- . 
sient influence of, 107. 

Herschel, Mr., his discovery of an- 
other pair of prismatic images in 
thin plates of mother-of pearl, 105. 
The principal data of the undula- 
tory theory given by, 119. The 
results of many authors on the 
subject of colored flames, given 
by, 124. His discovery that in 
crystals with two axes the axes 
change their position according to 
the color of the light employed, 
134. 

Herschel, Sir W., bis experiment of 
the heating power of the spectrum 
confirmed by Sir Henry Englefield, 
• 81. Ink applied by him for obtain- 
ing a white image of the sun, 121. 
Constructs a telescope, 40 feet 
long, with which he discovers the 
■ixth satellite of Saturn, 296. 
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Hevelius, bis obwrratioM on a pa* 

raselene, 230. 

Home, Sir Everard, his description 
of the pearl, 105. 

Hooke, Dr., constructs small spheres 
for microscopes, 280. 

Huygens, his discovery of the law of 
double refraction in crystals, 131 ; 
determines the extraordinary re- 
fraction of any point ~of the 
sphere, 132. Publishes an elaborate 
history of halos, 231 ; his discov* 
ery of the ring and the fourth sat- 
ellite of Saturn, 289. 

Huddart, Mr., several cases described 
by him of unusual refraction, 216. 

I. 

Iceland spar; of what composed; 
found in almost all countries, 126. 

Image bv mirrors, curvature at ver- 
tex o^ App. 24. Charige of form 
by change of distance of object, 
App. 24; formed from section, App. 
SS6 ; by a convex lens, App. 52; by 
a concave lens, App. 5-1. 

Incidence, angle of, equal to angle 
of emergence, 14. App. 29. Plane 
of, 14. 

Induration, the influence of, 205. 

Ink, diluted, absorbs all the colored 
rays of the sun in equal propor- 
tion ; applied by Sir William Her 
schel, as a darkening substance, 
for obtaining a white image of 
the sun, 121. 

Interference, the law of, 115. 

lolite, properties of, 211. 

Iris ornaments invented by John 
Barton, Esq. 107. 

J. 

Jansen, his invention of the single 

microscope, 279. 
Jurine and Soret, observation of an 

unusual refraction, 218. 

K. 

Kaleidoscope, formation an4 prin- 
ciple of the, 262. 

Kirchcr, the inventor of the magie 
lantern. 278. 

Kitchener's, Dr., pancratic eye-tube, 



Landrlani, 81. 

Lantern, magie, invented by Kir- 
Cher, 276. 

Latham, Mr., 221. 

Lerebours, M., has lately executed 
two achromatic object-glasses 
which are in Sir James South's 
observatory at Kensington, 300. 
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Lehot, his work on the leat of vis- 
ion, 344. 

Le Maire, 51. 

Lens, spherical, concavo-convex, 
double-convex, plano.-convex, dou- 
ble-concave, plano-concave, 31 ; of 
least aberration, App. 69. 

Lens, a piano-convey, the principal 
focus of, 43. App. 43. Plano-con- 
cave, refraction by, App. 47. 

— — achromatic, 76. 

Lenses, the formation of images by, 
App. 50. Their magnifying power, 
46. Convex and concave, 3o7. App. 
37, 45, and 54. Burning and illu- 
minating, 368. 

Lenses, polyzonal, constructed for 
the Commissioners of Northern 
Lighthouses; introduced into the 
principal French lighthouses, 369. 

Light, the velocity with which it 
moves; moves in straight lines, 13. 
Falling upon any surrace, the an- 
gle of its reflexion equal to the 
angle of its incidence, 14. The to- 
tal reflexion of, 34. App. 37. Re- 
fraction of, through curved sur- 
faces, 37. Refraction of, through 
spheres, 38. App. 43. Refraction of, 
through concave and convex sur- 
faces, 40. App. 31. Refraction of, 
through convex lenses, 41. App. 
37. Refraction of, through concave 
lenses, 44. App. 45. Refraction of, 
through meniscus and concavo- 
convex lenses, 45. App. 48. On the 
colors and decomposition of white 
light, the composition of, discover- 
ed by Sir I. Newton, 63. DiflTerent 
refrangibilities of the rays of; re- 
coniposition of white light, 65. De- 
composition of, by absorption, 67, 
and 315. The inflexion Or diffrac- 
tion of, 86. Several curious |M>op- 
erties of, 107. The interference of, 
111. The absorption of, 130. A 
new method proposed of analyzing 
white light, 134. Double refraction 
of, nrst discovered in Iceland spar, 
136. Polarization of, by double re- 
fraction, 138. Partial polarization 

' of, by reflexion, 149. App. 83; and 
by ordinary refraction, 153. App. 
83. Polarized, the colors of crys- 
tallized plates in, 183. The action 
of metals upon ; absorptive powers 
of, 310. 

Loadstone, various experiments by 
professor Barlocci and Zante- 
deschi on the magnetizing power 
of light on, 85. 



Magnetism, experiments illustrative 
of, as developed by light, 85. 

Mai us, M., discovers «(ie polariza- 
tion of lighr by reflexion, 142: 
Law of, App. 81. 

Mariotfe, his curious discovery that 
the base of the optic nerve was 
incapable of conveying to the 
brain the impression of distinct 
vision, 343. Theory of vision 
proved by comparative anatomy, 
344. 

Megascope, a modification of the 
camera obscura, 376. 

Melloni, Signor, observations on ab- 
sorption of heating rays of spec- 
trum, 316. 

Meniscus, 33. Its effect on parallel 
rays ; its effdit on diverging rays, 
45. A pp. 48. 

Microscope, single, 51. The magni- 
fying power of; iu vented by Han- 
sen and Drcbell, 379. Made of 
garnet, diamond ruby and sap- 
phire, 380. 

reflecting, 51. First 



proposed by Sir Isaac Newton ; re- 
vived in an improved form by pro- 
fessor Aroici of Modena, 386. 

compound, 383. 

- solar, 388. 



Microscopic observations, rules for, 
387. 

Mirage, a name given to certain ef- 
fects of unusual refraction, bj' the 
French army, while marching 
through the sandy deserts of Lower 
Egypt, 318. 

Mirrors, 13. Images formed by, 33. 
App. 33. Concave, formation of 
images by, 33. App. 34. The prop- 
erties by which they are distin- 
guished, 365; used as lighthouse 
reflectors, and as burning instru- 
ments, 366. Convex, formation of 
images by, 34. App. 36. Plane, 
formation of images by, 35. App, 
96. Spherical aberration of, 67. 
App. 55. Plane and curved, 361. 
Plane burning, the effect produced 
by a number of these, 364. Plane, 
reflexion by, App. 13. 

Mohs, prismatic system of, 173. 

Morichini, Dr., his experiment on the 
magnetizii^ power of the solar 
rays, 83; magnetizes seyeral nee- 
dles in the presence of Sir H. 
Da vy, professor Play&ir, and other 
English philosophers, 84. 
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•Mother-of-pearl, the principal colon 
of, obtained firom the shell of the 
pearl oyster; long employed in the 
arts; the manner in which its 
colors may be observed, 103^ 



Newton, Sir Isaac, hia^ disoovtery of 
the composition of white light, 63. 
Recompoeet white light, 65. In* 
flexion or difilraction of light de- 
scribed by, 86. His method of pro- 
ducing a thin plate of air ; com- 
pares the colors seen by reflexion 
with those seen by transmission, 
03. His observations on the colors 
of thick plates produced by con- 
cave glass mirrors, 97. His theory 
of the colors of natural bodies, 336. 
His experiment of accidental co- 
lors, 256. Was the first who applied 
a rectangular prism in reflecting 
telescopes^O. Executes a reflecting 
telescope with his own hands, 391. 

Non-luminous bodies, 11. 

o. 

Objects, test, the use of, introduced 
by Dr. Goring, 287. 

Oblique pencil, cases of, App. 19 ; re- 
flexion by mirror, App. 19; which 
crosses axis of mirror, App. 33. 

Opacity, 33U. 

Optical figures, beautifUl, how pro- 
duced, sns. 

Optics, physical, 63. 

Oxides, metallic, exhibit a tempora- 
ry change of color by heat, 339. 



Parabola, 58. 

Parker, Mr., of Fleet-street, executes 
the most perfect burning lens ever 
constructed, 368. 

Pencil, direct and obliqae, defined, 
App. 9. 

Phantasmagoria, 277. 

Plates, thin, colors of, 90. Of air, 
water, and glass, 93. Thick, first 
observed and described by Sir I. 
Newton as produced by concave 
mirrors, 97; a method by which 
the colors may be best seen and 
their theory best studied, 99. fi«- 
fraction through, App. 36. 

Polarization by reflexion, law of, 
App.. 81. Relative to refraction, 
App. 82. At second surface of a 
plate, App. 83. Partial by reflex- 
ion. App: 83. By ordinary refrac- 
tion, App. 83. Circular ; this lub- 



Ject studied with moch taneitr 
- and success, by If. Biot, 185. Ellip- 
tical, 190. 
Porta, Baptista, his invention of tlit 

camera obscure, 374. 
Primary plane, App. 19. 
Principal focal distance, 17. ' 
Prisms, refraction of light through 

33. App. 28. % 
Prisms, crown glass, and diamond 

the dispersive powers of, compared, 

71. 
Prism, meniscus, used for the came- 

ra obscura, by If. Chevalier of 

Paris, 371. 
Prisms, compound and variable, 37L 



auarts, 9L 



Radiant point, 1& 

Rainbow, primary and secondary, 
333. App. 86. The light of both 
wholly polanied in tlie planes of 
the radii of the arch, 335. 

Ramage, Mr., of Aberdeen, eon* 
structs various Newtonian tele- 
scopes; the largest of these is 
erected at the Royal Observatory 
of Greenwich, 397. 

Rays, reflexion of parallel, 15. App. 
14. Reflexion of diverging, 15. 
App. 14. Reflexion of jonverging, 
16. App. 16. Reflexion of, from 
concave mirrors, 16. Api^ 13. Re- 
flexion of, from convex mirrors, 30. 
App. 16. Incident; refracted^ 38. 
Focus of parallel ; diverging; con- 
verging, for sphere, 39. App. 43. 
Parallel, 41. Rule for finding the 
fiaens of iiarallel for a glass un- 
equally convex, 42. App. 38. Rule 
for finding the focus of a convex 
lens for diverging rays, 43. App. 30. 
Rule for finding the focus of con- 
verging, 40. App. 44. Rule for find- 
ing the focus of a concave lens for 
diverging, 45. App. 46. Solar rays, 
the magnetizing power of, 83. 
Falling nerpendicularly on tht 
surface or a prism, App. 29. 

Rectangular plates of glass with no 
double refYaction, 199. 

Reflexion by ipecula and mirrors; 
angle of, 13. Plane of, 14. FiU of. 
111. Totol,34. App.37. Formula 
for, deduced from those of refrac- 
tion, App. 37. Surfaces of accurate, 
App. 71. 

Refraction, angle of, 38 ; index of, 3(1 
App. 28. Through prisms, 31. App. 
38. And lenses, 31. App. 31. Tht 
composition of white light disconb 
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ered by, 63. PoUHzatlon by, 153. 
Am. 83. UnuMal. S15. Burteces 
« or accurate, App. 71. 

tefraetion, double, the law of, aa It 
exists in Iceland spar, 196. Law 
of, App. 79. Communicated to 
bodies by beat, rapid cooling, pres- 
sure, and HiduratioD, 135. Gene- 
ral observations on, 214. 

Beft-active pitwcr, tables of. Author** 
App. 310. Absolute, 310, 315. 

RieM and Moser, MM., tbeir expert- 
menu on the magnetizing power 
of solar rays, 85. 

Eochon, 81. 



Bcbeele, the celebrated, 83. 

Bcbeiner, the original account of a 
parhelion seen by, 338. 

Sooresby, captain, in navigating the 
Greenland seas, observed several 
cases of unusual refraction, 317. 

Secondary {riane, focal length in, 
found, Anp. 31. 

Seebeck, M.. his experiments on the 
healing power of the spectrum, 82. 
And on the chemical influence of, 
83. Published an account of ex- 
periments with cubes and glass 
cylinders, 303. 

Self-luminous bodies, 11. 

Senebier, 81. 

Solar spectrum consists of three 
colored spectra of equal lengths, — 
red, yellow, and blue, 68. 

Somerville, Mrs., her experimenta; 
produces magnetism in needles, 
which were entirely f^ee from 
magnetism before, by the solar 
rays ; her experiments repeated by 
M. Baumgartner, 84. 

Spectrum, the, 78. Properties of; 
the existence of fixed lines in, 78. 
The illuminating power of, 80. 
The heating power of, 81. Chem- 
ical influence of, 83. 

Spectacles, periscopic, invented by 
Dr. Wollaston, 367. 

Specula, plane, eoncave, and con- 
vex, 13. 

Sphere, rule for finding the focus of, 
40. App. 43. 

->~*~ or class, with a number of 
axes of double refraction, 301. 

Spherical sur&ees, of same curva- 
ture, refraction by, 49. 

Spheroids, glass, with one axis of 
double refraction, 301. ^ 

Substances with circular double re- 
fraction, 136. 

Smphuric acid, 73. 



Sarfkeet, grooved, the produetion o/ 
color by; and of the communica- 

> bility of these colors to vafioas 
substances, 104; applied to the 
arts by John Barton, Esq., 106. 



Tabasheer, the refractive power oC 
230. 

Talbot, Mr., his experiments oh the 
colors of thin nlates, 97. Hia ob- 
servations on films of blown clasa. 
100.^ 

Teinoscope, 303. 

Telescope, reflecting, 50. Astronom- 
ical refracting, 51. Achromatic 
one of the greatest inventions of 
the last century, pronounced by 
Newton to be hopeless; accom- 

gished soon after hi* death, by Mr. 
all ; brought to a bigh degree of 
perfection by Mr. Dollond, 76. Ter- 
restrial, 390. Galilean, 391. Gre- 
gorian reflecting, 391. A rule to 
find the magnifying power of, 893. 
Cassegrainian, 293. Newtonian, 
an improvement on the Gregorian 
one, 394. Sir William Herscbel's, 
296. Mr. Ramage's, 297. Achro- 
matic solar, with single lenses, 305. 
Imperfectly Achromatic ; the im- 
provement of, 306. 

Thenard, the first who observed 
blackness produced on phospho 
rus, 194. 

Thickness, correction for, App. 35. 

Topaz, Brazilian, 210. 

Transmission, fits of, ll£ 

U. 

Undulations, theory of, 116 and 318 
Great prc^ess of, in modern tidie^ 
the doctrine of interference in ac- 
cordance with, 118. 



Vergency, term used by Lloyd, App. 13 

Villele, M., of Lyons, burning in- 
struments made by, 966. 

Vince, Dr., his observations on on- 
usual refraction, 216. And on a 
most remarkable case of mirage, 
218. 

Vision, the seat of, 343. Erect, the 
cause of, from an inverted ima|i[e, 
346. Distinct, the law of, 347. Ob- 
lique, 348. 

Visible direction, the law of, 245 < 
the centre of, 346. 
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Water, the alMorptive power of, ISO. 
For heating rays, 317. .. 

WoHaaton, Dr., bis dtMM>verie8 on 
the chemical efiects of light on 
gum guaiacum, 83. His invention 
of the periflcopic spectacles, 967. 
Of the camera liicida, S77. Dou« 
blet, S84. Refraction through 
strata of air of diflerent densitMS 
proved by, 319. 

Wunsch, M., his observations on 
alcohol and oil of turpentine, 88. 



Toung, Dr., his invention of the in- 
strument called the eriometer, lOL 
His illustration of the undulatory 
theory drawn from the spring and 
neap tides, 118. His experiments 
on the interference of the rays of 
Ught, 114. 

Z. 

Zantedeschi, M., his observations on 
oxidated magneU and those which 
are not oxidated; repeats Mr. 
Christie's experiments on needle* 
vibrating in the sun's light, 85. 



THE END 



CATALOGUE; 

OF 

BLANCHARD & LEA'S PUBL ICATlOlfS'.' 

CAMPBELL'S LORD-CHANCELLORS. New Edition. (Just Issued:} 

LIVES OF THE LORD CHAKCELLOffS 

AND 

KEEPERS OF THE GREAT SEAL OF ENGLAND. 

tBOX THB BABLiaST TIMES TO TBB RBI«N Of KUffO GBOBtfB It. ' 

BY LORD CHIEF-JUSTICE CAMPBJ^LL, A.M., F.R.S.E. . 

Second American, from the Third London Edition. 

Complete in seyen handsome crown 8fo. volomei, extra eloth| or half Bit r<NsoOf 

This has been reprinted from the author's most recent edition, and embraces 
bis extensive modifications and additions. It will ther^ore be found eminently 
worthy a continuance of the great favor with which it has hitherto been received. 

Of the solid merit of the work our judgment may be gathered from what has alrsady 
been said. We will add that, from its infinite fund of anecdote, and happy variety of slgde^ 
the book addresses limit with equal claims to the mere general niadfir, as to the lefal or 
bistorloal inquirer; and while we avoid the Btaw>typed oommon^laoa of afflnning that mi 
library can he complete without it, we feel constxained to afford it a highar tvib(it« Igf pib^ 
nouneing it entitled to a distinguished place on the shelves of evecy scihoiar who i« fortonata 
enough to possess it. — Frcuer^s Magazine, 

A work which will take Its place in our libraries as one of the most brlllfanf and vahmhls' 
contributions to the literature of the presMut 4aj.'~*Athenantm, 

BY THB SAME A0THOII— TO MATCH — (Now Ready). 

LIVES OF THE CHIEF-JUSTICES OF ENGLAND, 

From fho Korxnaa Conquest to the Deafh of Lord Kuiffleld. 

SECOND BDinON. 

In two very neat vols., crown 8vo., extra olothi or half moroeeo» 
To match the ''Lives of the Ohaacallors" of ike ssttt i 



MEMOIRS OF THE LIFE OF WILLIAM WIRT. — By John P. Kbnkb^t, 
Esq. In two handsome royal 12mo. volumes, extra cloUi, with » Portcoii. 
Also, a handsome Library Edition, in two octavo volumes. , 

GRAHAM'S HISTORY OF THE UNITED STATES; Fbov vn FtvmiiV 

OF THB BRITISfl GoLONIfiS TILL THEIR ASSUMPTION Of ■INI>]SPBN]>B»0B.,•^ite- 
vi8ed Edition, from the Author's MSS. With a Portrait, and a Memoir by 
President Quincy. In two large and handsome octavo volumes, extra clqth. 

WILLIAM PENN, an Historical Biography. With an Extra Chapter on tbff 
Afacauley Charges. By W. Hepworth Dixon. — In one neat royal 12mo. 
volume, extra cloth. 



OUIZOT'S OLIVES GSOXWSLL. (Now roMlj.) 

HISTORY OF OLIVER CROMWELL AND THE BNaLIBH COMMON- 
WEALTH, from the Execution of Charles I. to the Death of CromwelL In two 
, large and handsome royal l^mo. volnmes, extra cloth. 

BXrSSELL'S LIFE OF FOX. (Just issoed). 
MEMORIALS AND CORRESPONDENCE OF CHARLES JAMlBS FdX. 
Editod by LoBO Jomr Russblu In two bi »dsos i< n^ ttm9,inftmA9i, ol^ 

! ^> 



S BLAHCHABD ^ LSA'8 PUBUCATX02iS— (Jft««e^tieou«.) 

THE ENCYCLOP/EDIA AMERICANA; 
A TOVOhXR DICTI05ART 0^ ARtS, SCIENCES, LITERATtTRE, XUS- 
tORT, POLITICS, AKB BIOGRAPHY. In fonrteen large octa\'o volumet 
of OTer 600 doabU-colamaed pages each. For sale very low, in yarioua atjles 
of binding. 

MtlltllAY'S ENCYOLOpTdIA OF GEOGRAPHY. 

THE ENCYCLOPEDIA OF GEOQRAPHY, comprising a Completo Description 
of (ho Earth, Pbysieal, StaUstioal, CivU, and Political ; exhibiting its Belaflon 
to the Heavenly Bodies, its Physical Structure, the ^(atural History of each 
Country, and the Industry, Commerce, Political Institutions, and Civil and 
Social State of all Nations. Revised, with Additions, by Thomas O. Brad- 
ford. In three large octavo. volumes, various styles of binding. 

YOUATT AND SKINNER ON THE HORSE. 

THE HORSE.— Bt Williax Yovatt. A New Edition, with numerous Blustra. 
tioDfl. Together with a General History of the Horse; a Dissertation on the 
American Trotting Horse; how Trained and Jockeyed; an Account of his Re- 
markable Performances ; and an Essay on the Ass and the Mule. By J. S. 
Skinner, Assistant Postmaster-General, and Editor of the Turf Register. In 
one handsome oetavo volume, extra cloth. 

This edition of Youatt's well-known and standard work on the Management, 
Diseases, and Treatment of the Horse, embodying the valuable additions of Mr. 
Skitmer, has already obtained such a wide circulation throughout the country, 
Aat the Publishers need say nothing to attract to it the attention and confidence 
qf #U who keep Horses, or are interested in their improvemenL 



YOUATT AND LEWIS ON THE DOG. 
THE DOG. By William Yovatt. Edited by B. J. Lvwis, M.D. With nu- 
merous and beautiful Illustrations. In one very handsome volume, crown 8vo., 
erimioii cloth, gUt. 



ADVICE TO YOXnro SPORTSMEN in ah that relateh to Opns and 
Shootino. By Lieut.-Col. P. Hawker. Second American, from the Ninth 
London Edition. Edited, with numerous Additions and Illustrations, by W. T. 
Porter, Editor of the New York Spirit of the Times. In one very handsome 
octavo icelui^ extra erimson cloth, with plates. 

A DICTIONARY OP MODERN GARDENING. By G. W. Johnson, Esq. 

With Dimerous Additions, by David Landretb. With one hundred and eighty 
> woed-citts. In one very large royal 12mo. volume, of about 666 double- 

eolnmned pages. This work is now offered at a very low price. 



WHB^OtJN© MILLWRIGHT AND MILLER'S GUIDE. By Oliver Evans. 
With- Additions and Corrections by Thouas P. Jonks ; and a Description of sn 
Improved Merchant Flour-Mill, by C. and 0. Evans. With twenty-eight 
Plates. Fourteenth Edition. In one neat Octavo volume, leather. 



ACTON'S MODERN COOKERY, in all its Branches, reduded to a Ststeh 
«» BAaY Practice. Edited by Mrs. S. J. Hale. In one neat royal 12mo. 
volume, extra cloth, with numerous Illustrations. 



THOMSOH*« DOMESTIC MANAGEMENT OF THE SICK-ROOM. With 
sddifeioBS fa^ R. E. tshtii^infi, M.IK In one royal 12mo.'vohime, extra cloth. 

WILSON ON HEALTHY SKIN, (Now Ready.) 

HEALTHY SKIN; a Popular TBiATiSE dn the Managevent op the Skin 

AND Hair in Relation to Health. Second Americnn, from the Fourth and 

./Refvifed London Sditil>n. By EltAsmrs Wilson. In one handAdms royal 

. . ;^«iOw ToliHtte* Irttk nttmeroM c«ts, extra elotli; alao,pafpcr covers^ pfiee76 ets. 



BLANCIIARD 1 LEA'S PUBLICATIOXS. 



lf£W AK D IMPItOVED SDXTIOK. 

LIVES OF THE QXTEEirS OP EHOLAVD, 

FROM THE NORMAN CONQUEST. With Anecdotes or tbjbiii Coukts. 
Now first published from Official Records, and other Authentic Documenta. 
Private as well as Public* New Edition, with Additions 4nd Correotions. By 
Agnes St«ickland. In six volumes, crown octavo, extra crimson cloth, or 
half morocco, printed on fine paper and large type. Copley of the Duodeoimo 
Edition, in twelve volumes, may still be had. 

A valuable contribution to historical knowledge, to young persons especially. It contains 
a mass of every kind of hietorioal matter of interest, which industry and resource could 
ooDeet. We have derived much entertainment and Instruction from the ^or}i. —Athtnmnm. 
' The execution of this work is equal to the oonoeption. Great pains have been taken to 
make it both interesting and valuable.— Xiferary QcuxUe. 

A charming work— foil of interest, at once serious and pleasing.— Jfofuteur Ouizot, 

TO BE HAD SEPARATE. 

LIVES OF THE QUEENS OP HENRY VIIL, and of his mother, Elizabeth 
of York. By Miss Strickland. Complete in one handsome crown ootavo 

. volume, extra oloth. (Just Issued.) 

MEMOIRS OP ELIZABETH, Second Qneen Regnant of England and Ireland. 
By Mtss Strickland. Complete in one handsome crown ootavo volnme, extra 
cloth. (Just Issued.) 

INGERSOLL'S HISTORY OP THE LATE WAR. In two ootavo Tolamst^ 
sold separate. Volume I. containing 1812-13 ; and volume II., 1814:. 

MRS. MARSH'S ROMANTIC HISTORY OP THE HUOONOTS. Itt im^ 
handsome royal 12mo. volumes, extra doth. 



iriEBTTHR'S AlTCIEirT HISTORT. 

LECTURES ON ANCIENT HISTORY; from the Earliest Times to the 
Taking op Alexandria by Octavianus. Comprising the History of tii« 
Asiatic Natii^, the Egyptians, Greeks, Macedonians, and Carthagenians. By^ 
B. Q. NiEBUHR. Translated from the German Edition of Dr. Ma&cus Nxbbubr,' 
by Dr. Leonhard Schmitz ; with Additions and Correotions from his own M6. 
Notes. In three handsome crown octavo volumes, extra doth. 

PRINCIPLES OF THE MECHANICS 

OP MACHINERY AND ENGINEERING. By Propbssoe Julius Weisbaow. 
Translated and edited by Professor Gordon. Edited, with American addi- 
tions, by Professor Walter R. JoHirsoy. In two very handsome ootor^ 
volumes, of nearly 900 pages, with about 900 superb illustrations. 

CHEMICAL TEGHNOLOOT; 

OR, CHEMISTRY APPLIED TO THE ARTS AND TO MANUFACTURES. 
By Dr. F. Knapp. Edited, with numerous notes and additions, by Dr. Ed- 
mund Ronalds and Dr. Thomas Richardson. With American additions, by 
Prof. Walter R. Johnson. In two handsome octavo volumes, of about 1000 
pages, with nearly five hundred splendid illustrations. 

GRAHAM'S ELEMENTS OF CHEMISTRY • 

Includinq the Applications of the Science in the Arts. Edited, with 

Notes, by Robert Bridges, M.D. Part L, handsome 8vo., of 430 pafes, vUh 

185 illustrations. Part II. preparing. 
THE LAWS OF HEALTH IN RELATION TO MIND AND BODY. A 

Series of Letters from an Old Practitioner to a Patient. By Lionel S. Bxal, 

M.D. In one royal 12mo. volume. 

HUMBOLDT'S ASPECTS OF NATURE, IN DIFFERENT LANDS ANB 
DIFFERENT CLIMATES. Translated by Mrs< Sftbiae; In oii« iMge royal 
12mo. vohimc, extra cloth. 
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BLANCHAED 4 UU'S PUBUCATlONa-^JfiMMOaiMoiit.) 



NARRATIVE OF THE UWTE B STATES' EXPEDITION 
TO 7HE DEAD SBA ANB EIVES JORDAN. 

BT W. F. LYNCH, IT. S. N. (Covvandeh or thv Expedition). 

ta o^e Y9TJ iMge and handsome octavo Tolam«, with twentj-ei^ beantifal 
Platea, and two Mape. 

This "boclk, so long and anxionslj cxpeeted, ftaUy rattahis the hop«8 of fhe most sangnine 
and Hiitidious. It is truly a magnificent work. The type, paper, binding, style, and execa- 
tkm, are ail of the best and highest obaraoter* as are also th« maps and ongraTings. It will 
d» more to elevate the eharaeter of our national literature than any work thmt has appeued 
hr years. The intrinsio interest of the suhieet will give it popnUri^ and Unioortalitf at 
once. It most be read to be S4>preeiated: jmd it wiU he read wtensiTriy, and Taload, hotk 
& this and other countries. — Lady^i Soak, 

Also, to be had — 

GOI^DENSED EDITION, one neat royal 12mo. Tolume, ezUa eloih, with * Maip. 



DON QUIXOTE DE LA MANCHA. Translated from the Spanish of Mi«u>l 
B» C«avAiiTE» Saatediu, by Obablbs Jarvis, Esq. Carefallj rerised and 
corrected, with a memoir of ibe Author and a notice of his works. With nu- 
merous Dlnstrations, by Tony Johannot. In two beautifully-printed rolomes, 
orown octavo, various styles of binding. 

' me hMidsome execution of this work, the numerons spirited illnstrationB with 
which it abounds, and the very low price at which it is oiTered, render it a most 
iaririAle Utetiy tdftien for jUI admiren of the immortal Cervantes. 

PICCIOLA, THE PRISONER OF FENESTRELLA; or, Captititt Captitk. 
By X. B. Samtivb. Now Edition, with Blastmtioiis. In eve 7017 neat royal 
12mo. volttine, paper corers, price SO cents, or extra cloth. 

VHE LANGUAGE OF FLOWERS, with Dlastrative Poetry. To which are 
aow added the OAi.Bn»Ait of Flowers, and the Dial of F^wbrs. Ninth 
American, from the Tenth London Edition. Revised by the editor of "Forget- 
ue-Not" In one elegant royal 18mo. volume, extra crimson cloth, gilty with 
beautiful colored Plates. 

HALE'S ETHNOaRAPHY AND PHILOLOGY OP THE U. S. EXPLORING 
. EXPEDITION. la one large royjil quarto volume, extra cloth. 

DANA ON ZOOPHYTES. Being part of the publications of the UmTsa States 
Exploring Expbdrion. One large royal quarto Tolnme of letter-press, and 
an Atlas in imperial folio, of 60 plates, oontaining many hundred figures, exqui- 
sitely engraved on steel, and coloured after nature. 



JOHNSTON'S PHYSIOAL ATLAS. 

THE PHYSICAL ATLAS OF NATURAL PHENOMENA, for thb Use of 

Colleges, Academies, and Families. By Alexandbr Ejbith JoHnsToir, 

F.R.G.S., Ac. In one large imperial quarto volume, strongly and handsomely 

bound in half morocco. With twenty-six PIa<tes, engraved and colored in the 

best style, together with over one hundred pages df descriptive letter-press, and 

a very copious ladex. 

' A work wblch shotild be in every fkmily and every school-room, for consultation 

and reference. By the ingenious arrangement adopted by the author, it makes 

dfear to the eye every fact and observation relative to the present condition of the 

earth, arranged under the departments of Geology, Hydrography, Meteorology, 

and Natural History. The letter-press illustrates this with a body of information, 

D(0^#r« #90 <^o bf fioBQd oond^nsed into the same spaoe; while a veiy foil Index 

r^pdef 9 th^ wI^qIq f asy of reference. 



BtANCHAKD Jb LEA'S PUBLICATIONS.— (Sb^ew(i/ft.) 9 

Now Ready, 
PRINCIPLES OF COMPARATIVE PHYSIOLOGY. 

BY W. B. CARPENTER, M.D., F.R.S, Ac. 
A new American, from the Fourth and revised London Edition. In one larg* 

and handsome octavo volume, of 750 pages, with 309 beautifal illustrationB. 

The present edition of this work will be found in every way worthy of its higK 
reputation as the standard text-book on this subject. Thoroughly revised and 
brought up by the author to the latest date of soientific inYestigation, and illns- 
trated with a profusion of new and beautiful engravings, it has been printed in 
the most careful manner, and forms it volume which should be in the possession > 
of every student of natural history. 

By the same author (Just Issued), ^ 

ON THE USB AND ABUSE OF ALCOHOLIC LIQUORS IN HEALTH 
AND DISEASE. In one neat royal 12mo. volume, extra sloth. Also, in flexi* 
ble cloth, for mailing, price 60 cents, free by post. 

BUSHNAN'S POPULAR PHYSIOLOOY. (Kowiusdr.) 

THE PRINCIPLES OF ANIMAL AND VEGETABLE PHTSIOI.OaY, A 
Popular Treatisb on the Fungtiohs awd Phbnokbha of Orgako Life. 
To which is prefixed an E^say on thji.Oreat Departments of Human Knowledge 
By J. Stevenson Bushnan, M.{k In one handsome royal 12mo. volume, wtSk 
over one hundred illustration^ 

Though cast in a simple andruopretending form, this little work is based upon 
the latest scientific developments. It is therefore admirably adapted for the pri- 
vate reader, or for a text-book in those academies and sen^aries which indnde 
this subject in their course of studies. > 

OWEN 09 THE 8XEI£1K)K AITD TEBTSif (9bw Beafly.^ 
THE PRINCIPAL FORMS OF THE SKELETC^Sf' AND OF THE TBETtt 
By Professor R. Owen, author of ** Comparative Anatomy,'' Ac. In one 
handsome royal 12mo. volume, extra cloth, with numerous illustrations. 
Written as a popular introduction to his favourite science, by the most distio- 
gnished osteologist of the age, this work iSannot fail to find favour with all sta- 
dents of Geology, Zoology, and Comparative Anatomy, of which its subject maj 
be considered as the foundation. 



DE LA BECHE'S GEOLOGY, 

THE GEOLOGICAL OBSERVER. By Sir Hbnrt T. Db la Bbobb, F.B3., 
&e. In one large and handsome octavo volume, with over SCO iUnstraliens* 

ABEL ASD BLOXAM'S CHEIEISTBY. (Now BMdy.) 
A HAND-BOOK OP CHEMISTRY, THEORETICAL, PRACTICAL, AN» 
TECHNICAL. By F. A. Abel and C. L. Bloxam. In one large and hand- 
some octavo volume, of over 650 pages, with numerous illustrations. 
The department of theoretieal chemietry has been amply elucidated in many 
late publications, but a want has been felt of. a work which should afford a guide 
to the practical student in the numerous and complicated processes required in 
the laboratory, while the operative chemist has had no recent manual detailing 
the new and valuable improvements which are daily being made. It has been 
the aim of the authors to supply this vacancy, and the applause which their iabonts 
have received from competent judges is a sufficient evidenee of their sneoess. 

FBINCIFLES OF FHTSICS AND HETEOBOLOOT. 

By Professor J. Muller. Revised, and illustrated with over five hundred 
eifgravings on wood, and two handsome coloured plates. In ono large iaA 
bean^ul octavo volume of nearly 660 pages. 



Now COVPLVTB. 

HANOBQQKS OF NATURAL PHILOSOPHY AND ASTRONOMY. 

BY DIONYSIUS LARDNER, D.C.L., 
TomMrly Pzofttaor 6f Natural Philosophy and Astronomy in University ColIeg«^ Londos. 

Thk ▼alnftUe SeriM ia now complete, oousifitiDg of three Courses, as follows : — 
FIRST COURSE 

MECHANICS. HYDROSTATICS, HYDRAULICS. PNEUMATICS. SOUND. «i. OPTICS. 

In one Inrge royal 12mo. volume, of 750 pages, with 424 Illustrations. 
SECOND COURSE, 

HEAT. MAGNETISM. COMMON ELECTRICITY. AND VOLTAIC ELECTRICITY. 

In one royal l^mo. volume, of 450 pagee, with 244 Illustrations. 

THIRPCOURSE, 

ASTRONOMY AND METEOROLOGY. 

In one very large royal 12mo. volume, of nearly 800 pages, with 3T Plates, and 

over 200 Illustrations. 

■ These rolumei can be had either separately or in uniform sets, containing about 
1(000 p«|pM, vbA neariy 1000 Qlnstrations on steel and wood. 

To aoeommodato those who desire separate treatises on the leading departments 
^ Natural Philosophy, the First Course may also be had, divided in three por- 
fioBS, vii : 

Part I. MscHAincs. — PartH. Hydrostaticjs, Hydraulics, Pkeumatics, 
and Sound. — Part III. Optics. 

It will thus be seen that this work furnishes either a eomplele eourse of instme- 
tion on these subjects, or separate treatises on «J1 the different ^anehes of Phyaoal 
Science. The object of the author has been to prepare a work suited equally for 
the collenate, aoademical, and private student, who may desire to acquaint hlm- 
^^If witiiTihe present state of science, in its most advanced condition, without pur* 
suing it ihrough its mathematical consequences and details. Great industry has 
been manifested throughout the work to elucidate the principles advanced by their 

ritical applications to the wants and purposes of civilized life, a task to which 
Lardner's immense and varied knowledge, and his singular felicitiy and clear- 
ness of illustration render him admirably fitted. This peculiarity of the work 
Moommends it especially as the text-book for a practical age and country such as 
ours, as it interests the student's mind, by showing him the utility eS his studies, 
while it directs his attention to the further extension of that utility by the fulness 
of its examples. Its extensive adoption in many of our most distinguiehed col- 
X^IgH and mainaries is saffieiont proof of the skill with which the author's inten- 
tiom have been carried out. 

BIRI>'S NATURAL PHILOSOPHY. 

9iiSM9NTS OIP NATURAL PHILOSOPHY; bkino an BxPBBiifitNTAL Istro. 

DDCTiov TO THE PflYisiCAL SCIENCES. Illustrated with over 300 wood-cuts. By 

OoLDiNG Bird, M.D., Assistant Physieiaa to Ghiy's Hospital. From the Third 
• London edition. In one neat volume, royal 12mo* 

We ere eetoiBishad to find that there is room in so small a book for even the hue reeftsl 
of so vaiKoj BwlQfwte. Where eTerything Ib treated ■aooiootly, gpreat judgment and much 
jtime are needed in making a selection and winnowing the wheat from the chaff. Ite. Bini 
has no need to plead the poculiarity of his position as a shield against criiicism, so long as 
Ikfs book continues to be the host epitome in the Knglish language of this widte range of 
ykyslael sul^eats.— iVbrtA ArMirUitm Review. 

For those during as eatansive a woric, I think it decidedly superior to anything ci the 
kind with which I am acquainted. — iVq/; Jofta> JbAn^ton, Wedeyan Vniv., JUidtUdoanj CL 



ABNOrS ELEVENTS OF PHYSICS. 
SIXlEMKNTS of PHYSICS; or, Natural Pbilosopey, General and Hbbioal, 
'written for tTniversal Use in Plain or Non-technical Language. By NfiL 
^^^NOT, M.D. In one octavo volume, with about two hundred Hlustrationi. 



3LANC^AiLP 4 Zi£A'3 ^mUCA'ilOIIiS^{Edu^iomd,) 



A COMPUETE pQURSE OF NATURAL SCIENCE. (JntNi iMued.) 

THE BOOK OF NATITRE 

An Elementary Introductioo to the Sciences of Physics, Astroaomy, Chemistry^ 
Mineralogy, Geology, Botany, Zoology, and Physiology. By Frederick 
ScHtEDLER, Ph. D., Professor of the Natural Sciences at Worms. First Ame- 
rican Edition, with a Glossary, and other Additions and Improvements. From 
the Second English Edition, translated from the Sixth German Edition, by 
Henrt ATedlock, F.G.S., &q. Illustrated by 679 engraTings on wood. In one 
handsome volume, crown octavo, of about tOO large pages, extra cloth. 
To accommodate those who desire to use the separate portions of this work, the 

publishers have prepared an edition in parts, as follows, which may be had 

singly, by mail or otherwise, neatly done up in flexible cloth. 

NATURAL PHILOSOPHY 114 pages, with 149 Hlustrations, 

ASTRONOMY 64 " 51 " 

CHEMISTRY. i 110 « 48 « 

lAINERALOQY AND GEOLOGY ;... 104 « 167 " 

BOTANY 98 «' 176 " 

!^OOLOGY AND PHYSIOLOGY 106 " 84 " 

INTRODUCTION, GLOSSARY, INDEX, Ac. 96 

As a TTork for popular instruction in the Natural and Physical Sciences, it certaialy is 
TiDriyalled, so far as my knowledge extends. It admirably combines perspicuity with Dce- 
vity ; while an excellent judgment and a rare discrimination are manifest in the selection 
aod arrangement of topics, as well as in the description of objects, the illustration of phe- 
nomena, and the statement of principles. A more easefld perusal of those departments of 
the work to which my studies have been particular^ directed has been abundantly sufficient 
to satisfy me of its entire reliableness — that the olgect o( the author was not so mucdi to 
amiue as really to inOruct.—Prof. AUen, Oberlin Institute, Ohio. 

I do not know of another book in which so much that is important on these sultleets can 
be found in the same space.— i^'o/. Johnston, Wesleyan VniversUy, Oonn. 

Though a very comprehensive book, it contains about as n^uch of the details of natural 
selenoe as general students in this country have time to study in a regular academical 
coarse; and I am co w^l pleased with it that 1 shall recommend its use as a text-book in 
this institution.— f: H. Allen, President of Oirard (MUge, PhUadelphia. 

I am delighted with I>r. Schoedler's "Book of Nature;" its tone of healthful piety and 
reverence for God's word add a charm to the learning and de«p research which the volume 
everywhere mani&sts.— /Vq/'. J, A. Spencer, N. K 



BROWNE'S CLASSICAL LITERATURE- (Now Complete.) 

A HISTORY OF GREEK CLASSICAL LITERATURE. 

BY THE REV. R. W. BROWNE, M.A., 

Professor of Classical Literature in King's College, London. 

In one very handsome crown octavo volume. 



By the 8^me Autjipr, to match. (Now ready.) 

A HISTOEY OF ROMAN CLASSICAL LITERATURE. 

In one very handsome crown octavo volume. 

These two volumes form a complete course of Classical Literature,, designed 
either for private reading or for collegiate text-books. Presenting, in a moderate 
compass and agreeable 'style, the results of the most recent investigations of 
ISnglish and continental sdbolars, it gives, in a succession of literary biographies 
and oriticisms, a body of information necessary to all educated persons, and which 
cannot elsewhere be found in so condensed and attractive a shape. 



I BI«ANCHABI> A LBA'ft IfVMLlOAJlOM.^iSduttUional.) 

Hew and mnoh improTod Sdittoa.— (Lfttelj Xitned.) 

PHYSICAL GEOGRAPHY. 

BY MARY SOMERVILLE. 
A new American, from the third and revised London edition. 

WITH VOTES AND ▲ OLOBSART, 

BY W. S. W. RUSCHBNBBRGER, M.I>., U. S. Natt. 
In one large royal 12mo. volume, of nearly six hundred pages. 

The Buhject of Physical Geography is one of which the acknowledged import- 
anee is rapidly forcing its introduction into all systems of education which pretend 
to keep themselves on a level with the improvements and requirements of the 
age. It is no longer considered sufficient to drill the scholar into a mechanical 
knowledge of the names of rivers and mountains, and the territorial divisions of 
the earth's surface. A want is now felt of an acquaintance with the structure of 
the globe, externally and internally, and of the causes and effects of the variations 
of land and water, forest and desert, heat and cold, tides, currents, rain, wind, 
and aU the other physical phenomena occurring around us, which have so direct 
and immense an influence upon the human race. This is all summed up in 
" Physical Geography," which may be regarded as the r^sum^ of all that is known 
on the natural history and present state of the earth and its inhabitants — the 
practical application of the principles which are elucidated by the minute investi- 
gations of the scientific observer. This vast and interesting subject has been sue* 
cessfully grappled by Mrs. Somerville, who in the present volume has set forth, 
in a picturesque and vivid style, a popular yet condensed account of the globe, in 
its relations with the Solar System ; its geological forces ; its configuration and 
divisions into land and water, mountain, plain, river, and lake; its meteorology, 
mineral productions, vegetation, and animal life ; estimating and analyzing the 
causes at work, and their influence on plants, animals, and mankind. A study 
such as this, taken in conjunction with ordinary political geography, lends to the 
latter an interest foreign to the mere catalogue of names and boundaries, and, in 
addition to the vast amount of important inforniation imparted, tends to impress 
the whole more strongly on the mind of the student. 

Eulogy is unnecessary with regard to a work like the present, which has passed 
through three editions, on each side of the Atlantic, within the space of a few 
years. The publishers therefore only consider it necessary to state that the last 
London edition received a thorough revision at the hands of the author, who in- 
troduced whatever improvements and corrections the advance of science rendered 
desirable; and that the present issue, in a,ddition to this, has had a careful exami- 
nation on the part of the editor, to adapt.it more especially to this country. Great 
care has been exercised in both the text and the glossary to obtain the accuracy 
so essential to a work of this nature ; and in its present improved and enlarged 
state, with ' o corresponding increase of price, it is confidently presented as in 
every way worthy of a continuation of the striking favor with which it has been 
everywhere received. 

BUTLER'S ANCIENT ATLAS. 

AN ATLAS OF ANCIENT GEOGRAPHY. By Samuel Butlek, D.D., late 
Lord Bishop of Litchfield. In one handsome octavo volume, containing twenty- 
one coloured quarto Maps, and an accentuated Index. 

The very low price at which this work is now offered, and the authoritative ff 
position which it has so long maintained, render it a very desirable reference 
book for all institutions where this branch of study is pursued. 

BUTLER'S ANCIENT GEOGRAPHY. 

GEOGRAPHIA CLASSICA; or, The Application of Anciewt GEoeRAPHTTO 
THE Classics. By Sauubl Butler, B.D., late Lord Bishop of Litobileld. 
Sixth American, from the last and revised London edition. In pne neat royal 
12mo. volume, half bound. 



BLAKCHABD A LSA'S PUBLI0ATIONS.^(lMH<Mi(umifel;) 

KOW COMPLSTB. 

SCMMITZ AND ZUMPFS CLASSICAL SERIES. 

By the completion of this series, the classioal student is now in possesion of a 
tborough and uniform course of Latin instruction, on a definite system. Besides 
the adrantages which these works possess in their typographical acoaracy and 
careful adaptation to educational purposes, the exoeedingly low price at which 
they are offered is a powerful argument in faror of their generait introduction, as 
removing a harrier to the general diffusion of classical education in the size and 
costliness of the text-hooks heretofore in use. 

The series consists of the following volumes, clearly and handsomely printed, 
on good paper, in a uniform large 18mo. size, strongly and neatly hound, and 
accompanied with notes, historical and critical introductions, maps, and other 
illustrations. 

SciiMiTz's Elementary Latin Grammar and Exercises, extra cloth, price $0.50 
Kaltschmidt's School Latin Dictionary, in two Parts, Latin-English, 

and English-Latin, nearly 900 pages, strongly hound in leather $1.30 

Part L, Latin-English, ahout 500 pages, " " " 90 

Part IL, English-Latiir, nearly 4O0 pages, " « " 75 

ScHMiTz's Advanced Latin Grammar, 318 pages, half hound, .60 

Advanced Latin Exercises, with selections for Beading, extra cloth, .50 
CoRNKLii Nepotis Liber dk Excellentibus Ducibus, Ac, extra cloth, .50 

Cjbsaris db Bello Gallico, Libri IV., 232 pages, extra cloth, .50 

C. 0. Sallustii Catilina bt Jugurtha, 168 pages, extra cloUi, .50 

Exoerpta bx P. OviDii Nasonis Garminibus, 246 pages, extra cloth, .60 

Q. GuRTii RuFi DB Albxandri Magni Qu^ Supersunt, 326 pp., ex. cloth, .70 

P. Virgilii Maronis Garmina, 438 pages, extra cloth, .75 

EcLOGiB BX Q. Horatii Flacci Pobmatibus, 312 pages, extra cloth, .60 

T. Livii Patavini Historiarum Libri L IL XXL XXII., 350 pp., ex. cloth, .70 

M. T. GiCERONis Orationes SBLBCTiB XII., 300 pages, extra cloth, .60 

Al80> uniform with the Series, 
Baibp's Glassical Manual of Ancibnt Geography, Anti- 

QUITIB8, Ghronology, Ac, extra oloth, .50 

The volumes in cloth can also he had, strongly half-hound in leather, with eloth 
sides, at an extra charge of five cents per volume. 

The very numerous reeommendations of this series Arom classical teachers of the 
highest standing, and their adoption in many of our host academies and colleges, 
Buffieiently manifest that the efforts of the editors and puhlishers have not l^ea 
unsttocessful in supplying a course of classical study suited to the wants of the 
age, and adapted to the improved modem systems of education. 

With your Classical Series I am well acquainted, and hare no hesitan(qr in recommending 
them to all my friends. In addition to your Virgil, which we use, we shall probably adopt 
other hoo&s of the series as we may have occajsion to introduce them. — Ftof. J. J. OtM», 
jy. K Fret Academy. 

I regard this series of Latin text4>ooks as decidedly superior to any others with which I 
am acquainted. The I^ivy and Horace I shall immediately introduce for the use of the 
college classes. — Prof. A. HdUinSf Delaware CcUege. 

Having examined several of them with some degree of care, we have no hesitation in pro« 
nounciag them among the very best extant. — Prof, A. C. Knox, Hanover OcMeffCt Indiana. 

I can give you no bettor proof of the value which I set on them than by making use of 
them in my own classes, and recommending theix vlbo in the preparatory department of our 
institution. I have r^ad them through carefully, that I might not speak of them without 
due examination ; and I flatter myself that my opinion is fully borne out by fact, when 1 
pronounce them to be the most useiAil and the most correct, as well as the cheapest editions 
of Latin Classics ever introduced in this country. The Latin and EngUi^ Dictionary con- 
tains as much as the student can want in the earlier years of his course ; it contains more 
than I have ever seen compressed into a book of this kind. It ought to be the student's 
constant companion In his recitations. It has the extraordinary recommendation of being 
at once portable and comprehensive. — iVq/*. JR. JV. Newett, Masonic CbUegif Jbnn. 

That invaluahle little work, the Classical Manual, has heen used by me for some time. I 
would not, on any account, be without it You have not perhaps beCn inlbrmed that it has 
recently heen introduced in the High School of this place. ItB typographical aecnraqr is 
remorluthle.— .B^noU B, Chasef Sarvard VhivertUif. 



1$ BLANOHARDA LEA'S PUBLIOATI09r8.---(iE7cItitf«<u>Mia.) 

Shaw*8 English Literature— Lately Published. 
OUTLINES OF ENGLISH LITERATURE. 

By Thomas B. Shaw, Profesfior of English Literature in the Imperial Alexander 
Lycenm, St. Petenibarg, Second American Edition. With a Sketch of Ame- 
rican Literature, by Henry T. Tuckerman, EBq. In one large and handsome 
volume, royal 12mo., of about fiv^e hundred pa^es. 

The object of this work is to present to the student, within a moderate compass, 
a clear and connected view of the history and producfeions of English Literature. 
To accomplish this, the author has followed its course from the earliest times to 
the present age, seising upon the more prominent " Schools of Writing,'* tracing 
their causes and effects, and selecting the more celebrated authors as subjects for 
Wief biographical and critical sketches, analyzing their best works, and thus pre- 
senting to the student a definite view of the development of the language and 
literature, with succinct descriptions of those books and men of which no educated 
person should be ignorant. He has thus not only supplied the acknowledged 
want of a manual on this subject, but by the liveliness and power of his style, the 
thorough knowledge he displays of* his topic, and the variety of his subjects, he 
has succeeded in producing a most agreeable reading-bgok, which will captivate 
the mind of the scholar, and relieve the monotony of drier studies. 

Its merits I had not now for the first time to learn. I have used it for two years as a text* 
book, with the greatest satisfaction. It was a happy conception, admirably executed. It is 
all that a text-book on such a subject can or need be, comprising a judicious selection of 
materials, easily yet efifectively wrought. The author attempts just as much as he ought to, 
and does well all that he attempts; and the best of the book is the genial «ptrtie, the genuine 
love of genius and its works which thoroughly pervades it and makes it just what yon want 
to put into a pupil's hAuda.—Frqfessor J. V. Raymond, Uhwersity of Rochester. 

Of " Shaw's English Literature" I can hardly say too much in praise. I hope Its adoption 
and use as a text-book will correspond to its great m&Aii.^Prof. J. (7. Pvckar^ lU. College. 

BOLMAB'S COHFLETE FSEITCH SEEIES. 

Blanchard and Lea now publish the whole of Bolmar's Educational Works, form- 
ing a complete series for the acquisition of the French language, as follows : 

BOLMAR'S EDITION OF LEVIZAC'S THEORETICAL AND PRACTICAL 
GRAMMAR OF THE FRENCH LANGUAGE. With numerous Corrections 
and Improvements, and the addition of a complete Treatise on the Genders of 
French Nouns and the Conjugation of the French Verbs, Regular and Irregu- 
lar. Thirty-fifth edition. In one 12mo. volume, leather. 

BOLMAR'S COLLECTION OF COLLOQUIAL PHRASES, on every topic: 
necessary to maintain conversation; arranged Under different heads; with nu- 
merous remarks' on the peculiar pronunciation and use of various words. The 
whole so disposed as considerably to facilitate the acquisition of a correct pro- 
nunciation of the French. In one 18mo. volume, half bound. 

BOLMAR'S EDITION OP PENELON'S AVENTURES DB lELEMAQUE. 
In one l2mo. volume, half bound. 

BOLMAR'S KEY TO THE FIRST EIGHT BOOKS OP TELEMAQUJ!, for 
the literal and free translation of French into English. In one 12mo. volume, 
half bound. 

BOLMAR'S SELECTION OP ONE HUNDRED OP PERRIN'S FABLES, 
accompanied with a Key, containing the text and a literal and a free transla- 
tion, arranged in such a manner as to point out the difference between the 
French and the English idiom ; also, a figured pronunciation of the French. 
The whole preceded by a short treatise on the Sounds of the French language 
as compared with those of English. In one 12mo. volume, half bound. 

BOLMAR'S BOOK OP FRENCH VERBS, wherein the Model Verbs, and seve- 
ral of the most difficult, are conjugated Affirmatively, Negatively, Interroga- 
. tively, and Negatively and Interrogatively, containing also numerous Notes 
and Directions on the Different Conjugations, not to be found in any other book 
published for the use of English scholars ; to which is added a complete list of 
all the Irregular verbs. In one 12mo. volume, half bound. 
The long and extended sale with which these works have been favoured, and 

the constantly increasing demand which exists for them, renders unnecdMary any 
nation or recommendation of their merits. 
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HERSCHELL'S ASTRONOMY. 



OUTLINES OF ASTRONOMY. 

BY SIR JOHN F. W. HERSCHEL, Bart., F.R.S., Ac. 

A Kew American, from the Fourth and Revised London Edition. 

In one handsome crown octavo volume, with numerous plates and wood-cuts. 

The present work is reprinted from the last London Edition, which was care- 
fully revised by the author, and in which he embodies the latest investigations and 
discoveries. It may therefore be regarded as fully on a level with the most ad- 
vanced state of the science, and even better adapted than its predecessors as a 
full and reliable text- book for advanced classes. 

A few commendatory notices are subjoined, from among a large number with 
which the publishers have been favored. 

A rich mine of all that is most valuable in modem Astronomy. — Profestor D. Otmsteadf 
Tale OoUege, 

As. a work of reference and study for the more advanced pupils, who yet .are not prepared 
to avail thempelves of tbu higher mathematics, I know of no work to be compared with 
it. — Prof. A. CcLSweU, Brown UnivcrsUy^ JR. J. 

This treatise is too well known, and too highly appreciated in the scientific world, to need 
new praise. A distinguishing merit in this, as in the other productions of the author, is, 
that the language in which the profound reasonings of science are conveyed is so perf^picuous 
that the writer's meaning can never be misunderstood. — Prof. Samud Jones, J^erson 
College, Bi. 

I know no treatise on Astronomy comparable to ** Herschel's Outlines." It is admirably 
adapted to the necessities of the student. We have adopted it as a text-book in our Col- 
lege. — Prof. J. F. Crocker, Madieon College, Pa. 

As far as I am able to judge, it is the best work of its class In any language. — Prof. Jamei 
Curley, Georgetown Oolite. * 

It would not become me to speak of the scientific merits of such a work by such an autlior ; 
but I may be allowed to say, that I most earnestly wish that it might supersede every book . 
UBod &H a text-book on Astronomy in all our institutions, except perhaps those where it is 
studied mathematically. — Prof. N. TiUinghast, Bridgewater, Mass. 



CHEMICAL TEXT-BOOK FOR STUDENTS. (Just Issued.) 



ELEMEHTABrT CHEHISTRT, 

THBORBTIOAL AND PRAOTIOAL. 

BY GEORGE FOWNES, Ph. D., Ac. 

With Numerous ninstrations. 

A KEW AUEHICAN, FROU THE LASD AND BEVISED LONDON EDITIOIT. JCDITEO^ 
WITH ADDITIONS, 

BY ROBERT BRIDGES, M.D. 

In one large royal 12mo. volume, containing over 560 pages, clearly printed on 

small type, with 181 Illustrations on Wood. 

We know of no better text-book, especially in the difBcult department of Organic Chemistry, 
upon which it is particularly full and satisfactory. We would recommend it to preceptors 
as a capital "office-book" for their students who are beginners in Chemistry. It is copiously 
illustrated with excellent wood-cuts, and altogether admirabl> "got up." — N.J. Medical 
Reporter. 

A standard manual, which has losg enjoyed the reputation of embodying much know- 
ledge in a small space. The aiithor has achieved the difficult task of condensation with 
masterly tact. His book is concise without being dry, and brief without being too dog- 
matical or general. — Virginia Medical and Surgical Journal. 

The work of Dr. Fownes has long been before the public, and Its merits have been fully 
appreciated as the best text-book on Cheraisti-y now in existence. We do not, of course, 
place it in a rank snperior to the works of Brande, Graham, Turner, Gregory, or Qmelin, 
but we say that, as a work for students, it is preferable to any of them.— iondon Journal nf 
Medicine, ^ ' 



TEXT-BOOK OF SCRIPTURE GEOGRAPHY AND HISTORY. (Just Issaed.) 

OUTLINES OF SCRIPTURE^OGRAPHT AND HISTORY; 

nitifltratlng the Eifltorieal PortioxiB of the Old and Hew Testaments. 

DESIGNED FOR THE USB OP SCHOOLS AND PRIVATE READING. 

BY EDWARD HUGHES, F.R.A.S., F.G.S., 
Head Master of the Royal Naval Lower School, Qreenwicb, Ac 

BA9VD UPON COLSVAV'S HISTORICAL GEOGBAPHT OF THK BIJILB. 

With twelve handsome Colored Kaps. 

In one very neat royal 12mo. Tolame. extra cloth. 

The iatimaie connection of Saered History with the geography and phyneal 
features of the various lands occupied by the Israelites, renders a work like the 
present an almost necessary companion to all who desire to read the Scriptures 
understandingly. To the young, especially, a clear and connected narrative of 
the events recorded in the Bible, is exceedingly desirable, particularly when 
illustrated) as in the present volume, with succinct but copious accounts of the 
neighboring nations, and of the topography and political divisions of the countries 
mentioned, coupled with the results of the latest investigations, by which Messrs. 
Layard, Lynch, Olin, Durbin, Wilson, Stephens, and others, have succeeded in 
throwing light on so many olxscure portions of the Scriptures, verifying its aocn- 
racy in minute particulars. Few more interesting class-books could therefore be 
found for schools where the Bible forms a part of education, and. none, perhaps, 
more likely to prove of permanent benefit to the scholar. The influence which 
the physical geography, climate, and productions of Palestine had upon the Jewish 
people will be found fully set forth, while the numerous maps present the various 
regions connected with the subject at their most prominent periods. 

We have given it considerable examination, and have been very favorably impreased with 
it as a work of rare excellence, and as well calculated to answer a demand, which, so fiir as 
our knowledge extends, has never yet been f ally atocomp\iBhed.—Evan0diocd Repo^iory, 

We have read it with care, and can recommend it with confidence. Indeed, we do not 
know of a more convenient and reliable handbook for a pastor, Sundaynnbool tetther, or a 
general student to refer to for information in regard to Palestine, whether as to its physical 
features or its geograj^by, its climate or its produotioni^ its past history or its present con- 
dition.— <Sbu<A«m rrtibyimian. 

It appears to contain, in a compressed form, a vast deal of important astd accurate geogra- 
phical and historical information. I hope the book will have the wide circulation which its 
merits entitle it to. I shaO not ftSl to recommend it so far as opportunity ofksn.~-Ptqf. 
Samud H. Turner^ N. T. Tludogical Seminary, 

We have long needed Just such a book, and as soon as possible we shall make.it one of the 
text^books of our college. It should be a text-book in all our theological institutions. — £ev. 
iSimud FindUy^ Ftaident of Antrim OcUegi^ Ohio. 

Few more interesting class-books, where the Bible is used In schools, can be found than the 
** Outlines of Scripture Geography and History," and it will prove, in families where the 
Bible is read, a valuable auxiliary to the understanding of that blessed volume. It is there- 
fore to be hoped that it will receive that patronage which it so richly deserves.— JZev. EU- 
pliald Notty President of Union OdOege, N. T. 

I have studied the greater portion of it with care, and find it so useful as a book of 
reference, that I have placed it on the table with my Bible, as an aid to vdj dally Scripture 
readings. It is a book which ought to be in the hands of every biblical student, and I can- 
not but hope that it will have a wide circulation. To such as desire to borrow, I answer, 
<*I cannot loan it, for I am obliged to refer to it daily r'—JV^- ^' £vereU, New Orkant. 

It comprises the fullest and most instructive, as well as the most attractive course of 
lessons on its particular eulQects that hw hitherto been offered in the compass of a single 
volume.— TTtZ^tam JttaseU, N. E. Normal ImiUute, Mau. 

Its thoroughness and comprehensiveness, combined with conciseness and portable siie, 
and espedally its neat and beautiful maps, render it peculiarly adapted to BibleHslasMs 
and Sabbath-Schools, and, indeed, to every religious family and every reader of the BiUe. 
It b also very valuable to the student of Ancient History, whether sacred or profone^ I 
have seen no work of ^ kind which pleases me so well^— A^. Bmieeantf JUNtau QUeffU 
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